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Abstract

Domes of high-grade metamorphic rocks are found in recent and ancient orogens
alike. They commonly expose parts of the deep interior of mountain belts, the so-
called orogenic infrastructure. This thesis explores the controversial topic of
infrastructure exhumation in two different ways: First, through reviewing the history
of tectonic research leading to the concept of metamorphic core complexes (MCCs).
Second, in a case study of basement windows in the deeply eroded Paleozoic
Caledonian orogen of West Norway. Including the (ultra)high-pressure Western
Gneiss Region, these domal windows record Caledonian continental subduction of

the Baltic Shield and controversial exhumation mechanisms.

Paper 1 explores the lithological and structural composition of the Baltic Shield in the
eastern part of the @ygarden Complex, which represents the westernmost Caledonian
basement window. Secondary-ion mass spectrometry (SIMS) U-Pb zircon
geochronology constrains two pulses of voluminous Sveconorwegian intrusions into
a Telemarkian (1506 + 5 Ma) granitic basement. Bimodal magmatism at 1041 + 3
Ma, followed by leucogranite magmatism at 1027-1022 Ma, correlate the @ygarden
Complex with the Sirdal Magmatic Belt in South Norway. A low-temperature
resetting of metamict grains at ~482 Ma is the only Caledonian record in zircon. The
Sveconorwegian intrusions were strongly reworked by Caledonian ductile
deformation. Starting at amphibolite facies conditions, retrograde top-to-E shearing
involved fluid-induced phyllonitization that localized ductile-to-brittle low-angle
shear zones. Structural features of the @ygarden Complex are discussed in the light of

MCC exhumation.

Paper 2 investigates the southernmost culmination of the eclogite-bearing Western
Gneiss Region in the footwall of the Nordfjord-Sogn detachment (Gulen dome).
Semi-quantitative mapping of ductile strain along glacier-polished fjords reveals two
distinct structural levels. The amphibolite-facies core domain involved fluid-
controlled eclogite retrogression and records coaxial E-W stretching in subvertical

shear zones and vast extension-perpendicular shortening in upright folds. Detachment



mylonites wrap around the core and record amphibolite-facies to semi-brittle, non-
coaxial deformation. Our reconstruction constrains dome formation through
extension-perpendicular inward flow of solid-state material in the deep crust
isostatically compensating upper crustal thinning. Differential folding within solid-
state MCCs can resemble the dynamics of migmatite-cored MCCs and exhume deep

parts of the crust.

Paper 3 provides the first comprehensive study of the @ygarden Complex with a
focus on ductile-to-brittle Caledonian structures. The comparison of 23 classified
shear zones and a structural dataset comprising >4500 data constrain pervasive E-W
stretching with distinct deformation styles at three structural levels. The upper unit
shows localized ductile deformation and top-to-E kinematics, in contrast to
distributed flow and top-to-W kinematics in the middle unit. The lower unit consists
of migmatites, which define a double-dome in the core of the complex. Retrograde
shearing affected all levels and localized ductile-to-brittle shear zones through fluid-
induced weakening (phyllonitization). We suggest exhumation of a bivergent MCC in
two stages. Extension-perpendicular flow of partially molten crust formed the
migmatite dome in response to intra-crustal necking. Fluid-induced retrograde
weakening feedbacks occurred in a wide zone and facilitated detachment formation

and rapid exhumation of previously ductile crust.

Paper 4 presents new geochronology from the previously poorly dated Gulen and
@ygarden domes and integrates them in an orogen-scale synthesis of infrastructure
exhumation. Three of four SIMS U-Pb zircon migmatite samples from the @ygarden
Complex date melt crystallization at 405 + 3 Ma. This result conforms to dated melts
in other parts of the Western Gneiss Region, but largely expands the known spatial
extent of Devonian melting. Most of the 28 new Ar-Ar white mica and biotite dates
from shear zones in the @ygarden and Gulen domes record short-lived MCC
exhumation in between 405 and 399 Ma, in accordance with previously published
ages. We compiled a database comprising >450 U-Pb zircon, monazite, titanite and
rutile as well as Ar-Ar white mica, biotite and hornblende ages. The intermingled

spatial distribution of different chronometers suggests that ages cannot be assigned to



simple cooling histories. On the other hand, various chronometers robustly constrain
the duration of ductile stretching in each segment of the infrastructure, with
significant variations between different segments (~10-30 Myr). We combine our
new geochronological insights with structural geometries, inferred from large-scale
foliation-trace mapping and previous descriptions of the windows. Temperature-
pressure-time-deformation discontinuities within the Caledonian infrastructure are

explained in a model of segmented transtensional MCC exhumation.

Paper 5 combines field observations from onshore West Norway with new 3D
seismic data revealing deep structures underneath the northern North Sea rift. We
correlate two distinct structural units from the Gulen dome to corresponding seismic
facies in the acoustic basement offshore. Our interpretation reveals an offshore dome,
which resembles the onshore dome in size, geometry and kilometer-scale, upright
folds. Both domes are connected by a >100 km long, shallowly W-dipping,
extensional detachment zone with a non-planar, hyperbolic geometry. Devonian
collapse formed dome and detachment, which were reactivated during Permian-
Triassic North Sea rifting. Brittle reactivation of steep detachment segments resulted
in strongly deviating rift fault orientations at the eastern margin of the rift around

61°N.

This study highlights large spatial and temporal variations in the evolution of the
Caledonian infrastructure, intimately linked to preceding and subsequent tectonic
events. During Caledonian collision the infrastructure represented a cold and rigid
slab that allowed continental subduction. During Devonian transtensional collapse, in
contrast, it represented a variably mobile substrate that could flow in response to
pressure gradients. Structural inheritance might have controlled along-strike
segmentation of the Caledonian orogen. During North Sea rifting it behaved rigid

again, but inherited weak zones were inevitably reactivated.

The conceptual focus of this study may be its biggest limitation. On the other hand, it
highlights the usefulness of the paradigm of extensional MCCs: It is a paradigm that
raises many, testable questions.



10

List of Publications

Wiest, J. D., Jacobs, J., Ksienzyk, A. K., and Fossen, H., 2018,
Sveconorwegian vs. Caledonian orogenesis in the eastern @ygarden Complex,
SW Norway — Geochronology, structural constraints and tectonic
implications:
Precambrian Research, v. 305, p. 1-18,
https://doi.org/10.1016/j.precamres.2017.11.020.

Wiest, J. D., Osmundsen, P. T., Jacobs, J., and Fossen, H., 2019,
Deep Crustal Flow Within Postorogenic Metamorphic Core Complexes:
Insights From the Southern Western Gneiss Region of Norway:
Tectonics, v. 38, p. 4267-4289, https://doi.org/10.1029/2019TC005708.

Wiest, J. D., Fossen, H., and Jacobs, J.,
Rheological Evolution of Ductile Crust Exhumed in a Metamorphic Core
Complex:
Manuscript submitted to Journal of Structural Geology

Wiest, J. D., Jacobs, J., Fossen, H., Ganergd, M. and Osmundsen, P. T.,
Melting, flow and post-orogenic exhumation of the Caledonian infrastructure,
W Norway:
Manuscript submitted to Geosphere

Wiest, J. D., Wrona, T., Bauck, M. S., Fossen, H., Gawthorpe, R.L., Osmundsen, P.
T. and Faleide, J. I.
From Caledonian Collapse to North Sea Rift — The Extended History of a
Metamorphic Core Complex:
Manuscript submitted to Tectonics

“The published papers are reprinted with permission from Elsevier and Wiley. All rights

reserved.”



11

Contents
Scientific environment 3
Acknowledgements 5
Abstract 7
List of Publications 10
Contents 11
1. Introduction 13
1.1 A SNOIt HISEOIY Of TECEOMICS. .....veuveieesiiesiiesiiestteeteete ettt st st st sttt e te e enseenaeenanenaes 18
111 Contractionism, Geosynclines and Orogenic INfrastructures ...........cocevvvevievienieniiensienieenens 19
1.1.2 The Plate Tectonic REVOIULION .......ccuciiiiiiiiiiinieiecieeee et 22
1.1.3 The Legacy of Fixist vs. Mobilist DEDAE ........cocueriiriiiiiiieniecieeteeee e 23
1.2 Metamorphic Core COMPIEXES (IMCCS) .......cuevueresesreiesteiesiesiesiessesssesessesaesessessesssssessessssssssensessensen 25

1.2.1 History of the Concept

1.2.2 DL 1o T To T3 OSSPSRt 28

1.2.3 Models and Conditions of MCC FOrMation .......ccuecuerierienenienereeieeeeeeeseesie st seeneenae e 31

1.2.4 MCC Types and Core-CompleX DYNAMICS ...cccvevierierienienieeieeseeseesieeseesseesseesseesseesseessnessnesnns 32

1.2.5 Core Complexes and GEOAYNAMICS.......ciueiierieriieniesteetesiteseeseesaesaesaestesabesebessaeessesssessseans 35

1.3 Tectonic Setting of W Norway — Intersecting Orogens and Extensional Provinces ...............c..c.ccc..... 37
1.3.1 OrOgENIC INTrASTIUCTUIES ..viiiiiiieiieeetieesiee ettt ee e st e st e et e e s be e e steeessteeessseessaeeesaeesseeean 40

1.3.2 INFrastructure REACTIVATION .....eiviiiieiieieeiee ettt et saeesane e 46

2. Synthesis and Outlook 47
2.1 Insights from the Caledonian INfrAStIUCLUTE ............cccccieeeieeeieieeiesieseeee ettt 48
2.2 Temporospatial Evolution of Orogenic INfraStrUCLUIES ...........ccueeveeveeseesieesieesieesieesieesieesieesieenineseenans 51
2.3 ClOSING REIMAIKS ....oeeeeeeeeieeee ettt ettt ettt et et e bt et et et et et e beebeenseenseensnenanenasenses 54
References Cited 56

3. Research Articles 71




12




13

1. Introduction

South Tibetan Detachment System, Nepal (view towards east).
Peak of Machhapuchare is 6,993 m, bottom of photo is ~3,700 m.
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Mountains have always played a central role for humans’ attitude towards the planet
(Macfarlane, 2008). The sublime intrigues our minds and only mountain landscapes
provide extensive (vertical) exposure of rocks that record Earth’s dynamic history.
Research on mountain belts reveals intimate links between different systems such as
tectonics, erosion and climate (Beaumont et al., 2001; Hoorn et al., 2018; Molnar et
al., 2010; Willett, 1999). However, the very nature of mountains makes access and
direct observation challenging or sometimes even impossible. Deeply eroded ancient
orogens, on the other hand, can provide accessible exposure and represent invaluable

analogues for recent orogens (Hodges, 2006).

Each orogen has its individual characteristics and distinct styles governed orogenesis
at various stages of Earth’s evolution (Chardon et al., 2009; Gerya, 2014; Rey and
Houseman, 2006). Still, there are many similarities between recent and ancient
orogens. In both cases, domes expose parts of the deep interior, the so-called orogenic
infrastructure (Eskola, 1948; Hodges, 2016; Teyssier and Whitney, 2002;
Vanderhaeghe, 2012; Wegmann, 1935; Whitney et al., 2004). It is often controversial
whether it is contraction or extension that drives doming and exhumation of high-
grade metamorphic rocks (Ring et al., 1999; Warren, 2013). Examples of this
controversy are found in most recent and ancient orogens around the world, such as
the Himalayas (Chen et al., 1990; Hodges, 2006; Jessup et al., 2008; Searle and
Lamont, 2020), Alps (Frisch et al., 2000; Ratschbacher et al., 1991b; Rosenberg et
al., 2018), Cyclades (Jolivet and Brun, 2010; Kruckenberg et al., 2011; Lamont et al.,
2019; Vanderhaeghe et al., 2004), Variscides (Aerden, 1998; Brun and Van den
Driessche, 1994; Roger et al., 2015) or the North American Cordillera (Gordon et al.,
2008; Norlander et al., 2002; Simony and Carr, 2011; Vanderhaeghe and Teyssier,
1997).

In recent years, quantitative approaches have allowed physical proof of tectonic
concepts (Jamieson and Beaumont, 2013). Still, geological concepts are observation-
based and depend on the paradigms of our research. Kuhn (1962, p. viii) defined
paradigms as “universally recognized scientific achievements that, for a time, provide

model problems and solutions for a community of researchers”. As such, the
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importance of paradigms is that they determine the questions a scientific community

raises.

The ~200 year short history of serious geological research is marked by fundamental
debates (e.g. age of the Earth, neptunism vs. plutonism, catastrophism vs.
uniformitarianism) and paradigm shifts (Rudwick, 2014). The most dramatic among
them is probably the change from fixism to mobilism, which fundamentally altered
the role of orogenic infrastructures in tectonic research. Long-held fixist views
withheld the suggestion of continental drift and were only swept away by the plate
tectonic revolution in the late 1960s. Together with simultaneous geochronologic
advances, the scientific revolution turned orogenic infrastructures from hot and
mobile, vertically moving substrates into laterally moving, cold and rigid slabs
(Wernicke, 2009) and shifted research focus towards far-travelled allochthonous
units. As continents evolve through cyclic phases that influence each other (Wilson,
1966), however, contrasting interpretations of orogenic infrastructures imply a large
uncertainty for tectonic reconstructions. Therefore, this thesis seeks to address some
aspects of the overarching question: How does the orogenic infrastructure behave

during, at the end and after orogenesis?

As the past is the key to the present, Section 1.1 takes a look back at the development
of major tectonic paradigms from contractionism over geosynclines to plate tectonics.
How did the geoscientific community view the interiors of mountain belts
historically? And how did previous paradigm changes affect modern tectonic
concepts? This thesis focuses on the concept of metamorphic core complexes
(MCCs) because it has been instrumental in revolutionizing 20"-century tectonic
research (Wernicke, 2009). Section 1.2 reviews the discovery of MCCs in the light of
the historic context and presents definitions that reflect the evolution of a field-based
concept to a geodynamic paradigm. To find out what is the essence of a core

complex, we discuss models, conditions and dynamics of core-complex formation.
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The main body of this thesis is a case study of a deeply eroded Paleozoic orogen, the
Norwegian Caledonides. Using excellently exposed basement windows along the
west coast of Norway, we test MCC models to better understand the tectonic
evolution of the Caledonian infrastructure. Furthermore, we investigate the relation of
(post-)Caledonian features to later and earlier tectonic phases. Section 1.4 introduces
the tectonic setting and main characteristics of the Caledonian and Sveconorwegian
orogenic infrastructures. More detailed descriptions of the setting and the applied

methods are found in the individual papers, which address the following questions:

What constitutes the Baltic Shield basement in West Norway and how did it deform

during the Caledonian orogenic cycle?

Published in Precambrian Research, Paper 1 presents a high-resolution study of the
mountain Lyderhorn in the eastern @ygarden Complex, exploring the lithological and
structural inventory of the Baltic Shield basement in the Bergen area. Field mapping
and secondary-ion mass spectrometry (SIMS) U-Pb zircon geochronology were
conducted during my Master studies at UiB, while the paper was written during the

PhD and represents the starting point for following investigations.

How does the deep crust flow below extensional detachments and contribute to

exhumation of high-pressure rocks?

Paper 2 is published in Tectonics and provides a detailed study of the Gulen MCC,
the southernmost culmination of the eclogite-hosting Western Gneiss Region.
Numerous glacier-polished fjords transect the gneiss dome and provide continuous,
excellent exposures that can be easily accessed by boat. To exploit these conditions,

we developed a novel semi-quantitative mapping scheme for ductile strain.

How does the rheology of ductile crust evolve during exhumation and what are the

implications for large-magnitude extensional detachments?

Paper 3 has been submitted to Journal of Structural Geology and investigates shear

zones in the Pygarden Complex building upon Paper 1. The complex is easily
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accessible from Bergen and was mapped continuously over the entire project period,

resulting in an extensive documentation of retrograde shear zone structures.
How and when was the Caledonian orogenic infrastructure exhumed?

Paper 4 has been submitted to Geosphere. It presents SIMS U-Pb zircon ages of four
late Caledonian migmatite samples from the @ygarden Complex and 28 Ar-Ar mica
dates of shear zones in the @ygarden Complex and the Gulen MCC. The new ages are
integrated in a geochronological and structural synthesis of Caledonian basement

windows including different segments of the Western Gneiss Region.

What was the influence of the inherited Caledonian infrastructure on North Sea

rifting?

Paper 5 has been submitted to Tectonics and expands Paper 2 from the onshore to the
offshore. Combining new 3D seismic data with field observations of the Gulen MCC,
we correlate 3D seismic basement facies offshore with units mapped in the field
onshore. The onshore-offshore correlation constrains dome and detachment
geometries formed during the Devonian and their relation to Permian-Triassic rift

faults.
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1.1 A Short History of Tectonics

Glarus Thrust, Switzerland, drawn by H.C. Escher von der Linth (1812). Downloaded from

https://en.wikipedia.org/wiki/Glarus_thrust#/media/File: Escher_Martinsloch.jpg
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1.1.1 Contractionism, Geosynclines and Orogenic Infrastructures
Early geological research emancipated Earth’s deep history from scriptural
interpretation (Rudwick, 2014). Biblical heritage still influenced geological reasoning
in the 19" century, when the theory of a cooling and contracting Earth became
universally accepted (Oreskes, 1988, 1999). Contractionism was practiced in two
independent schools, which reflected controversial paradigms (catastrophism vs.
uniformitarianism). The European version (E. Suess, published 1883 - 1904),
explained global tectonics through catastrophic events that turned continents into
oceans and vice versa. The American school, in contrast, followed J. Dana theory of
stable continents and permanent oceans. The geosyncline theory (suggested by J. Hall
in 1859 and J. Dana in 1873) sought to explain the structure of mountain belts with
sediments overlaying crystalline rocks (Knopf, 1948). The basic idea of the
geosyncline (Fig. 1) was a trough at the edge of a continent (the geanticline) that is
filled with sediments in cyclic episodes. Accommodation space is provided by lateral
flow of a mobile substrate from below the subsiding basin, while lateral pressure
gradients fold the sedimentary rocks. Huge piles of sediments can be accumulated,
however, heating progressively weakens the most deeply buried layers. At some
stage, the weakened root rises buoyantly and forms a mountain belt with a crystalline

core mantled by sediments.

| Geosyncline Geanticline

Subsidence

Pressure
gradient

“Mobile rock” )

I Mountain range

Fig. 1: Schematic illustration of mountain building in two stages according to the 19th
century geosyncline theory (based on description by Knopf, 1948).
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The demise of contractionism
At the turn of the 20th century, important discoveries caused serious issues for the

contractionist paradigm (Oreskes, 1988).

I) Thrusts were first observed in the early 1800s, but not publicly interpreted
before the 1880s. Thirty years later, the concept of thrusting was firmly
established and implied large amounts of horizontal shortening in mountain
belts (Triimpy, 2001).

IT) Isostasy required a mobile substrate below Earth’s rigid crust to explain the
gravitational signature of mountain belts and post-glacial rebound.
Furthermore, it showed that oceans and continents are made of different
materials, disproving Suess’ collapsing Earth theory.

1) The discovery of radioactivity disproved Earth’s secular cooling, the basic
assumption of contractionism, and allowed the absolute dating of rocks and

thereby the age of the Earth.

Thus, contractionism was proven incompatible with 20" century physical principles
and the amount of shortening observed in mountain belts. Nevertheless, the
geosyncline theory gained global popularity and became the principal tectonic
paradigm, although without a functioning global geodynamic framework (Oreskes,

1999).

The rejection of continental drift

Around the same time, Alfred Wegener published the first edition of “Die Entstehung
der Kontinente und der Ozeane” (1915). Although not the first mobilist, Wegener was
the first to propose a unified theory of continental drift, which was based on
multidisciplinary evidence including the fossil record, stratigraphy, paleoclimate and
continental fits. In 1929, Arthur Holmes published a speculative mantle convection
model, which provided the missing driving mechanism of Wegener’s drift theory.
Nevertheless, continental drift was mostly rejected and after Wegener died in 1930,

the theory lost its strongest proponent.
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The infrastructure-superstructure concept (stockwerk-folding)

While a school of Alpine geologists developed mobilist syntheses on mountain
building (Triimpy, 2001), mainstream tectonic research upheld fixist paradigms and
continued to elaborate the geosyncline theory. New models were based on field
observations in deeply eroded ancient orogens and focused on the genesis of
migmatites and granites (Wegmann, 1935). In particular the spectacular exposures of
the Greenland Caledonides should turn out to be highly influential (Hodges, 2016;
Wernicke, 2009). The elaboration of the geosyncline theory led to the infrastructure-
superstructure concept or “stockwerk-folding hypothesis” (Fig. 2), which explained
contrasting deformation styles observed at different crustal levels (in German:

“Stockwerk™).

Fig. 2: Illustration of the infrastructure-superstructure concept (“stockwerk-folding ) based
on field observations from the Greenland Caledonides from Haller (1956). (1) Migmatite
domes (the infrastructure) are separated through (2) a detachment zone
(“Abscherungszone”) from (3) low-grade metamorphic and weakly deformed sedimentary
rocks (the superstructure).
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While largely based on vertical tectonic movements (Haller, 1956), this concept
explained the formation of a migmatized and “granitized” infrastructure through the
metasomatic influx of material (“Stoffzufuhr’’). When the buoyant infrastructure
becomes mobile, it rises into domes with complex internal fold patterns (Fig. 2) that
fold the overlaying low-grade sedimentary rocks of the superstructure. The distinct
crustal levels are separated by a tectonic decoupling horizon, the so called
“Abscherungszone” (German for: detachment zone). These deformation zone
comprise mylonites, cataclasites and other fault rocks that formed through minor
lateral displacements (Wegmann, 1935). As buoyantly rising domes were seen as the
main driving force of nappe displacements (see review by Rey et al., 2001), they

were a principal focus of research (Eskola, 1948).

1.1.2 The Plate Tectonic Revolution

In 1948, the retiring President of the Geological Society of America wrote
enthusiastically: “the geosynclinal doctrine is likely to prove to be a great unifying
principle, possibly one of the greatest in geologic science” (Knopf, 1948, p. 667).
After the second World War, however, geophysical data was drawing a whole new
picture of the ocean floors that inevitably re-opened fixism vs. mobilism debate. The
new form of geophysical evidence quickly decided the debate in favor of mobilism
(Oreskes, 1999), while tectonic research of mountain belts played no active role in
the scientific revolution (Triimpy, 2001). Developed in the 1960s, plate tectonics was

established within a few years as the great unifying geodynamic paradigm.

What became of the orogenic infrastructure?

At the time of the plate tectonic revolution, rapid advances in the field of
geochronology allowed absolute dating of rocks in large numbers. In the 1970s, Rb-
Sr whole rock dating was widely applied to ancient mountain belts around the world.
The resulting ages commonly turned out to be much older than predicted by the
infrastructure-superstructure concept (e.g. Higgins et al., 1978). In the words of
Wernicke (2009): “The stockwerk hypothesis for East Greenland did not survive
geochronological testing”. Based on the geochronology and shallow-dipping

reflections observed in seismic profiles, orogenic infrastructures were reinterpreted as
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cold and rigid crystalline thrust sheets. Yet, the Rb-Sr whole rock method proved
unsuited to date high-grade metamorphism and partial melting in polyorogenic
continental basements constituting orogenic infrastructures (Jager, 1979). High-
precision in-situ analytical techniques and in particular zircon geochronology turned

out to be indispensable for this purpose (Rubatto, 2017).

1.1.3 The Legacy of Fixist vs. Mobilist Debate

From today’s perspective it seems that — in the heat of the plate tectonic revolution —
the tectonic community was (understandably) overeager in sweeping away “fixist”
ideas. More differentiated views in recent years give credit to previously discarded

observations and new roles for old ideas.

I) The geosyncline theory and the stockwerk folding hypothesis contained the
important idea that downward increasing temperatures permit ductile flow at depth
(compare to “mobile rock” in Fig. 1), while upper crustal rocks deform brittlely
(Wernicke, 2009). Later, rock deformation experiments quantified rheological
behavior and constrained flow laws for different materials (Brace and Kohlstedt,
1980). Depending on mineralogy, deformation mechanism, thermal state, fluids and
other parameters, the crust contains several rheological transitions (Cooper et al.,

2017).

IT) The infrastructure-superstructure concept was resurrected within the plate
tectonic framework (Culshaw et al., 2006). These authors argue that thrusting alone
cannot explain the structure of most orogenic belts, in particular not for large hot
orogens (Fig. 3). Mobilist and fixist ideas are reconciled by considering that orogens
can undergo substantial changes in their lifetime (Jamieson and Beaumont, 2013).
Lateral growth and crustal thickening form mobile ductile infrastructures, allowing
channel flow and extrusion of low-viscosity material below orogenic plateau (e.g.
Beaumont et al., 2001; Beaumont et al., 2006; Bird, 1991; Grujic, 2006; Hodges,
2006; Royden et al., 1997; Teyssier et al., 2005; Vanderhaeghe, 2009; Vanderhaeghe,
2012; Vanderhaeghe and Teyssier, 2001; Williams et al., 2006). For the

representative case of the Greenland Caledonides, Hodges (2016) suggests to
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rehabilitate the infrastructure-superstructure terminology as it highlights the

importance of crustal decoupling.

Large Hot Orogens
plateau retrowedge
;strong superstructure

----ductile ™ ~
infrastructure » _

foredeep

foredeep

Fig. 3: Schematic diagram of the modern infrastructure-superstructure concept applied to
large hot orogens from Jamieson and Beaumont (2013).

IIT) Pioneering work on gravity tectonics considered gravity as the main driver of all
tectonic movements (see review by Rey et al., 2001). Following a “plate-tectonic
hiatus”, the role of gravity in orogenic belts was reconsidered after the discovery of
surface extension in active orogens (e.g. Burchfiel and Royden, 1985) and the
reappraisal of basement domes in ancient orogens (e.g. Ramberg, 1981). In the
modern tectonic context, gravitational collapse is defined as “the gravity-driven
ductile flow that effectively reduces lateral contrasts in gravitational potential
energy” (Rey et al., 2001). These authors distinguish two fundamental regimes of
gravitational collapse: Divergent collapse removes excess gravitational potential
(thickened crust), while convergent collapse compensates a deficit in gravitational
potential energy (thinned crust). An example of divergent gravitational collapse is
orogen-parallel extension (Burchfiel and Royden, 1985; Chen et al., 1990; Jessup et
al., 2008). It can be difficult, however, to distinguish gravity-driven lateral extrusion

from escape tectonics (Molnar and Tapponnier, 1975; Ratschbacher et al., 1991Db).

IV) The combination of fixist ideas and mobilist views led to the discovery of

extensional detachments and metamorphic core complexes.
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1.2 Metamorphic Core Complexes (MCCs)

Boudinage/fold patterns in gneiss, Oygarden Complex.
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1.2.1 History of the Concept

Following the plate tectonic revolution, large horizontal movements needed to be
considered not only for convergent but also extensional settings (Wernicke, 2009).
This new perspective led to the discovery of large-magnitude low-angle normal faults
in the North American Cordillera. Structures previously mapped as thrusts, were now
reinterpreted as extensional faults (Anderson, 1971; Armstrong, 1972) because I) they
placed younger onto older rocks and II) high-angle normal faults, which distended
Tertiary rocks, rooted in these “décollement zones” (Fig. 4). Wright et al. (1974)
interpreted domical fault surfaces in the Death Valley (so-called “turtlebacks”) as
phenomena of extensional tectonics. Soon after, characteristic dome-shaped basement
uplifts of high-grade metamorphic rocks were discovered in the footwalls of low-
angle faults along the entire North American Cordillera. While high-grade
metamorphism and ductile deformation were traditionally associated with
contractional tectonics, the 1977 Penrose Conference established their extensional
nature in the basement uplifts (Crittenden et al., 1978) that Coney (1980) termed
“Cordilleran metamorphic core complexes”. The most important implications of the
new-born concept were: 1) low-angle faults can accommodate large magnitudes of
continental extension; II) high-grade metamorphic and plutonic rocks can form and

exhume during extension (Wernicke, 2009).

The systematic interpretation of kinematic indicators (Berthé et al., 1979; Lister and
Snoke, 1984) furthermore cemented the extensional nature of detachments and MCCs
(Fossen, 2010) and helped to recognize extensional features in many orogens around
the world, such as the Aegean (Lister et al., 1984) and western Norway (Hossack,
1984; McClay et al., 1986; Seranne and Seguret, 1987). Insights from MCCs inspired
new models of passive margins (e.g. Lister et al., 1986; Wernicke, 1985) and
established the concept as a fundamental mode of continental lithosphere extension
(Buck, 1991). The comparison with slow spreading ridges furthermore led to the
discovery of oceanic detachments and core complexes (e.g. Tucholke et al., 1997)
and provides a tight link between continental and oceanic tectonic research (Whitney
et al., 2013). Still, some workers question a major role of continental extension and

favor a compressional origin for most MCCs (Searle and Lamont, 2020).
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) Low-angle extensional detachments

Anderson 1971, Eldorado mountains

*® Precambrian

] I 2 o} I 2 3

| S SR S |
MILES KILOMETERS

Il) Turtlebacks
Wright 1974, Death Valley ~

lll) Cordilleran Metamorphic Core Complexes
Coney, 1980

Cover terrane

<—Decollement zone

Basement terrane

Fig. 4: Three landmarks in the discovery of MCCs: 1) Early cross sections of low-angle
normal faults (detachments) from Anderson (1971) and Armstrong (1972). Note that these
Jaults place younger rocks on older rocks and extend layers (unlike thrusts). 1) Wright et al.
(1974) interpreted Death Valley turtlebacks as giant extensional fault mullions. 11I) Coney
(1980) synthesized the concept of Cordilleran metamorphic core complexes. Note the
threefold unit distinction, which is similar to the infrastructure-superstructure concept (Fig.

2).
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1.2.2 Definitions

Definitions of MCCs (Table 1) reflect an evolution from a field-based concept to a

tectonic paradigm.

Table 1: Definitions of MCCs sorted by year of publication.

Coney (1980) Cordilleran metamorphic core complexes, [...], are a group of generally domal or
archlike, isolated uplifts of anomalously deformed, metamorphic and plutonic rocks
overlain by a tectonically detached and distended unmetamorphosed cover.

Armstrong (1982) | A core complex can be described in a few words: it is an exposure of rocks that were

once ductile lower crust, on which shallow brittle extensional features have been
superimposed.

Lee et al. (1987)

In recent years considerable attention has focused on metamorphic core complexes
[...]. These highly extended areas are characterized by an upper plate that has been
brittlely attenuated by normal faults separated by a sub-horizontal detachment surface
from a lower plate that has been ductilely thinned and stretched.

Lister and Davis

(1989)

Cordilleran metamorphic core complexes appear to be bodies from the middle crust
that have been dragged out from beneath fracturing and extending upper crustal rocks,
and exposed beneath shallow-dipping (normal slip) faults of large areal extent.

Buck (1991)

Core complexes are areas in which high-grade metamorphic rocks originating in the
middle to lower crust are exposed at the surface, surrounded and overlain by lower-
grade rocks [see Coney, 1980].

Whitney et al.
(2013)

A core complex is a domal or arched geologic structure composed of ductilely
deformed rocks and associated intrusions underlying a ductile-to-brittle high-strain
zone that experienced tens of kilometers of normal-sense displacement in response to
lithospheric extension.

Platt et al. (2015)

A metamorphic core complex comprises three essential elements [...]. From bottom
to top these are as follows.

(1) A core of metamorphic rock, commonly 10 km or more across, affected by ductile
deformation and associated metamorphic recrystallization, and derived from the mid-
crust or deeper.

(2) The metamorphic core is overlain by a regionally gently dipping to subhorizontal
tectonic discontinuity, commonly referred to as a detachment, comprising a discrete
brittle fault surface, several metres to tens of metres of cataclastic rocks in its
immediate footwall, underlain in turn by a zone of ductile mylonite and ultramylonite,
which may be hundreds to thousands of metres in thickness, grading downwards into
the main metamorphic core (Davis et al. 1980, 2004).

(3) The detachment is overlain by hanging-wall rocks that are either
unmetamorphosed or of significantly lower grade than the metamorphic core, and that
are commonly strongly disrupted and attenuated by normal faulting.

The detachment places upper crustal rocks against metamorphic or plutonic rocks
exhumed from beneath the BDT [brittle-ductile transition], and hence produces
vertical thinning and horizontal extension. It is now universally accepted that MCCs
are the product of a distinctive style of extensional tectonics.

Brun et al. (2018)

MCC correspond to dome shaped structures inside which deep crust or mantle rocks,
mylonitized at least at their top, are separated from lower-grade or non-
metamorphosed rocks seated above by a shallow-dipping extensional detachment
zone.
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We suggest a generic definition of MCCs that is illustrated in Fig. 5.

Metamorphic core complexes are kilometer-scale geological structures that form
through localized thinning of brittle crust associated with exhumation of ductile crust.

They comprise the following features (from bottom to top):

(1) A dome-shaped or arched core of metamorphic rocks (+ migmatites + plutonic

rocks) that were ductilely flowing (£ emplaced) during formation of the structure.

(2) Overlying the core, a large-magnitude shallow-dipping extensional high-strain
zone (detachment zone), which gives evidence for ductile and brittle deformation
during formation of the structure. The detachment zone consists commonly of a brittle

fault zone on top of mylonitic rocks.

(3) On top of the detachment zone, a distended upper plate that was significantly
lower grade than the core during formation of the structure. This may include

syntectonic sediments.
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Fig. 5: Schematic illustration showing key elements of an MCC.
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The characteristic parts of MCCs are described in detail by Whitney et al. (2013) and

Platt et al. (2015). A few additional remarks on our definition:

)

1)

111

V)

V)

VI)

To constrain an MCC, it is critical to establish the synchronicity of upper

plate thinning, detachment formation and footwall ductile flow.

Upper crustal thinning can result from plate divergence and convergence,

including gravitational collapse/lateral escape and focused erosion. In syn-

convergent settings, it can be difficult to distinguish whether lower plate
shortening or upper plate extension are cause or effect.

In an ideal MCC, upper crustal thinning is entirely compensated by viscous

crustal flow so that the Moho remains flat (Block and Royden, 1990).

MCCs form commonly in areas or preceding crustal thickening (see

below). The effects of contractional and extensional tectonics are often

controversial. In many cases, MCCs comprise different units assembled
during convergence, which can end up in different parts of the MCC:

a. If metamorphism and cooling precede MCC formation, high-grade
metamorphic rocks can become part of the upper plate. This would be
documented by pre-MCC mineral ages.

b. Lithologies that are particularly weak (e.g. schists) are predestined to
become part of the detachment zones.

c. Syn-MCC metamorphism and ductile behavior makes candidates for
the lower plate.

d. In the dynamic evolution of an MCC, the same unit can go through
different stages. Through progressive exhumation, cooling and
embrittlement, originally ductile material can become part of the
detachment or hanging wall.

The detachment zone commonly represents a barrier (Fig. 5) between

meteoric and metamorphic fluid regimes (Siebenaller et al., 2012; Whitney

et al., 2013). This might be important for isotopic homogenization.

Depending on the erosion level, not all parts of the MCC must be exposed.
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1.2.3 Models and Conditions of MCC Formation

Since their discovery, various models have been proposed to explain the development
of MCCs and detachments in response to large-magnitude continental extension (see
review by Brun et al., 2018). The first conceptual models focused on explaining the
basement uplifts (Davis and Coney, 1979), while successive field-based and
analytical models addressed the formation, mechanics and isostasy of low-angle
normal faults (Buck, 1988; Lister and Davis, 1989; Spencer, 1984; Wernicke and
Axen, 1988). Analogue and numerical models provided a different perspective and
established MCCs as the result of intra-crustal boudinage, where viscous flow
isostatically compensates localized thinning of the upper plate (Block and Royden,
1990; Brun and Van den Driessche, 1994; Tirel et al., 2004; Tirel et al., 2008; Tirel et
al., 2006). In essence, MCCs portray non-uniform stretching of a rheologically
layered crust resulting in exhumation of previously ductile material. This idea implies
that their formation depends on the viscosity of the ductile crust and does not

necessarily require a low-density anomaly (see dome-forming mechanisms below).

In contrast to narrow rifts (whole-crust necking) and wide rifts (no localization),
intra-crustal necking is a prerequisite for exhuming the ductile crust (Brun et al.,
2018). Therefore, the formation of MCCs requires a large volume of low-viscosity
crustal material, which can flow efficiently, and a high intra-crustal strength contrast
(Labrousse et al., 2016; Wijns et al., 2005). Elevated Moho temperatures (Tirel et al.,
2008), overthickened lithospheres, low strain-rates (Tirel et al., 2006), inherited
rheological layering due to nappe-stacking (Huet et al., 2011), partial melting
(Schenker et al., 2012), metamorphic reactions and fluids (Mezri et al., 2015)
facilitate MCC formation. While the intra-crustal strength contrast is important to
initiate intra-crustal necking, a strong (thick) brittle crust can prevent localization on
a single large-magnitude detachment (Lavier and Buck, 2002). Therefore,
hydrothermal circulation, fault-weakening chemo-mechanical processes (Grasemann
and Tschegg, 2012) and ductile-brittle energy feedbacks (Regenauer-Lieb et al.,
2006) need to be considered.
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The idea of MCCs might be simple (Tirel et al., 2008), but their unambiguous
identification is not. As their formation requires specific conditions, it is a key
constraint for tectonic reconstructions. The role and mechanics of low-angle normal

faults remain a widely debated issue (Axen, 2007).

1.2.4 MCC Types and Core-Complex Dynamics

The MCC paradigm promotes the comparison of field structures and geodynamic
models, to relate MCC features to generic parameters (Fig. 6). The rocks in the
metamorphic core (Fig. 6A) can be entirely solid-state or contain a second melt
phase, which has significantly lower viscosity (Rosenberg and Handy, 2005).
Furthermore, localized and distributed types can be distinguished in both cases.
While core rocks represent to some extent the geological setting and the pre-MCC
history, they are also a function of temperature, extension rate, melting reactions and

strain-weakening mechanisms (Rey et al., 2009a, b; Rosenbaum et al., 2005).

Asymmetric MCCs have only one major detachment, some have an antithetic
detachment, while symmetric MCCs have two bivergent detachments of equal
magnitude (Fig. 6B). Detachment (a)symmetry can relate to laterally variable
boundary conditions, the finite amount of extension, structural inheritance or

buoyancy of the core due to melting (Rey et al., 2009a).

The 3D geometries of MCCs (Fig. 6C) reflect kinematic boundary conditions (Le
Pourhiet et al., 2012). End members are elongated domes in extension-
perpendicular (b-type) and extension-parallel (a-type) direction (Jolivet et al.,
2004). A-type domes are bound by strike-slip detachment segments and host
contractional structures (upright folds) formed by transtensional boundary conditions

(Le Pourhiet et al., 2012; Rey et al., 2017).

The distinction of dome-forming mechanisms (Fig. 6D) is mostly of theoretical
nature, yet highly illustrative and indispensable to understand MCCs (Kruckenberg et
al., 2011). Followers of Ramsay (1967) consider most domes as the product of
refolding around perpendicular sets of fold axes. The characteristic of fold

interference is that if affects all layers in an area (Fig. 6D), while second order
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variations relate to competence contrasts between layers. Also folding in a
constrictional strain field (Fossen et al., 2013) and necking instabilities (Schmalholz
and Mancktelow, 2016) can result in domal and basinal geometries. Density-driven,
buoyancy-dominated flow (Rayleigh-Taylor instabilities) includes diapirism or
crustal convection (Kruckenberg et al., 2011; Ramberg, 1981). The buoyancy of low-
density material drives mainly vertical movements, which are independent of the
regional kinematic boundary conditions. Dense mantling units are folded into pinched
synclines (Fig. 6D), resulting in classical mantled gneiss dome structures (Brun et al.,

1981; Eskola, 1948; Whitney et al., 2004).

Isostasy-dominated flow of low-viscosity material, on the other hand, is driven by
pressure gradients induced by tectonics or surface processes (Block and Royden,
1990; Kruckenberg et al., 2011). Upper crustal extension, for example, can drive
convergent flow of low-viscosity material in the deep crust (Brun et al., 2018; Rey et
al., 2001; Rey et al., 2017; Rey et al., 2011; Rey et al., 2009b; Tirel et al., 2004; Tirel
et al., 2008). Isostasy-dominated flow includes horizontal and vertical components
depending on the orientation of gradients in gravitational potential energy (Rey et al.,
2001). Pressure-driven flow is controlled by the viscosity of the flowing medium and
therefore does not require density contrasts, as sometimes mistakenly assumed. In
nature, low-viscosity materials have commonly (but not necessarily) lower densities
(particularly in the case of partial melting), obscuring differences between buoyancy-
and isostasy-driven flow. If extension creates space, however, buoyancy plays a
subordinate role for migmatite domes (Rey et al., 2009a) and core-complex dynamics

are controlled by isostasy-dominated flow.
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Fig. 6: Classification of MCCs based on: A: core rocks; B: symmetry; C: 3D geometry
(based on Jolivet et al., 2004); D. dome-forming mechanism (based on Kruckenberg et al.,
2011).
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1.2.5 Core Complexes and Geodynamics

Continental extension

The rheological (and thermal) properties of an extending continental lithosphere
determine three end-members of continental extension: the MCC, wide rift and
narrow rift modes. As these properties are subject to change, the same area can pass
through different modes in a progressive temporal evolution, as exemplified by the
classical Basin and Range province (Buck, 1991). The MCC mode, typical for post-
orogenic extension of thick and hot lithospheres, differs from wide rift mode through
a high intra-crustal strength contrast, while lithosphere-scale necking leads to narrow
rifting and continental break up (Brun et al., 2018). An important difference between
(narrow) rift and MCC mode is the density of the ductile material (Fig. 7). In the case
of rifting, ductilely flowing mantle replaces lower-density crustal material. In
consequence, rift basins subside and can accumulate large amounts of sediments
(McKenzie, 1978). In the MCC mode, on the other hand, the flowing crustal material
has the same (or in case of melting even lower) density than the extended brittle crust.
Hence, no topographic low develops in the area of upper crustal thinning, rather,
crustal flow and sediments compete for accommodation space (Teyssier et al., 2018).
Because of the inertia of crustal flow, initially developing sedimentary basins can be
displaced by rising metamorphic domes and will be restricted to their flanks (Kapp et
al., 2008; Le Pourhiet et al., 2012; Osmundsen and Péron-Pinvidic, 2018).

2 Modes of Continental Extension

Rift mode  Crustal thinning compensated| |[MCC mode Crustal thinning compensated
by mantle flow (p,< p,) by crustal flow (0. Nyueiic)

Topographic low No topographic low

Fig. 7: Contrasting topographic evolutions of extended continents due to contrasting
densities of the flowing material in rift mode and MCC mode.
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Continental vs. oceanic extension

Research on MCCs has greatly contributed to understand processes at slow spreading
ridges and passive margins (Whitney et al., 2013). Brun et al. (2018) point out that
oceanic core complexes, magma-poor passive margins and continental metamorphic
core complexes can be seen as a spectrum of structures and processes (Fig. 8). The
difference between the different types is the nature of the lithosphere (oceanic vs.
continental) and the ductilely flowing material that is exhumed in the core (crust vs.
mantle). Passive margin core complexes represent an intermediate case, with
successive stages of crustal flow and whole-crust necking (Peron-Pinvidic et al.,
2013). However, such structures must be discerned from pre-existing MCCs that
formed during previous tectonic phases such as post-orogenic collapse (Osmundsen

and Péron-Pinvidic, 2018).

Types of Core Complexes

Oceanic core complex Lithosphere Ductile material

Oceanic Mantle

Magma poor passive margin

% Continental Mantle

Passive margin core complex

1. Crust
2. Mantle

Continental

Metamorphic core complex

4.' = m iL; Continental Crust

L ]

Fig. 8: Types of core complexes, modified from Brun et al. (2018) and Osmundsen and
Péron-Pinvidic (2018).
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1.3 Tectonic Setting of W Norway —
Intersecting Orogens and Extensional Provinces

Yevonian Basin

e
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¥
.

Earth history condensed into 860 vertical meters of the Hornelen cliff (view towards west).
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The tectonic history of West Norway (Fig. 9) comprises two major orogenies and a
long history of extensional events, uplift and erosion. This makes it an ideal natural

laboratory for the behavior of orogenic infrastructures in contrasting tectonic settings.

The ~1.2 — 0.9 Ga Sveconorwegian orogeny (Fig. 9a) assembled various older
crustal blocks and built the main crustal architecture of the western Baltic Shield
(Bingen et al., 2008b; Bingen et al., 2005). The orogeny is part of Grenvillian
orogenic activity leading to Rodinia assembly (Cawood and Pisarevsky, 2017; Li et
al., 2008). However, it is controversially argued whether the Sveconorwegian orogen
represents continent collision or an active margin (Moller et al., 2015; Moller et al.,
2013; Slagstad et al., 2013). Besides its long duration, this orogenic period is marked
by multiple contractional and extensional phases (Bingen and Viola, 2018; Spencer et
al., 2014), voluminous magmatism and (ultra-)high-temperature metamorphism
(Bingen and Solli, 2009; Coint et al., 2015; Roberts and Slagstad, 2015; Slagstad et
al., 2018; Vander Auwera et al., 2003). Break-up of Rodinia at the end of the
Proterozoic opened the Iapetus ocean and formed a rifted margin (Fig. 9b) with
magma-rich/-poor and hyperextended segments (Andersen et al., 2012; Jakob et al.,
2019; Kjoll et al., 2019). The Sveconorwegian infrastructure was uplifted, deeply
eroded and transgressed (Gee et al., 2008; Slama and Pedersen, 2015).

During the Silurian-Devonian Caledonian orogeny (Fig. 9¢), Baltica “soft-docked”
with Avalonia before it collided with Laurentia (Fossen et al., 2017; Gee, 1975; Gee
et al., 2008; Roberts, 2003; Torsvik, 2019). The Baltican margin was subducted to
mantle depth, while a large pile of nappes was thrust onto the Baltic Shield. The
nappe pile contains rifted fragments of the Baltic Shield, remnants of the former
Iapetus ocean and parts of the overriding Laurentian plate (Jakob et al., 2019).
Devonian post-orogenic collapse (Fig. 9d) overprinted large parts of the Caledonian
orogen (Fossen, 2010). Extensional detachments and associated supra-detachment
basins formed in a regime of sinistral transtension while the Baltican basement was
exhumed in large windows (Krabbendam and Dewey, 1998; Osmundsen et al., 2005).
Multiple phases of Permian-Mesozoic rifting opened the North Sea, followed by
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Paleogene (ca. 55 Ma) continental break-up and opening of the North Atlantic
(Faleide et al., 2010).
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Fig. 9: Snapshots of Norway’s tectonic evolution. Modified from: a - Cawood and Pisarevsky
(2017), b - Jakob et al. (2019), c - Torsvik (2019), d - Fossen (2010), e - Faleide et al. (2010).
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1.3.1 Orogenic Infrastructures

Figure 10 shows a newly compiled tectonic map of southern Norway based on
extensive literature review and new results from this study. Large-scale foliation
traces were mapped using the digital structural database of bedrock maps by the
Norwegian Geological Survey (NGU) with ca. 85,000 measurements in the shown
area. Lithological boundaries on bedrock maps, satellite images and topographic
maps were consulted where data coverage was sparse or inconclusive. It is noted that
foliation traces are non-unique solutions, as there are many ways to connect
neighboring data points. The first-order consistency of the foliation-trace
interpretation was assessed by comparison with interpolated foliation dip values (Fig.
11), magnetic (Fig. 12) and gravity anomalies (Fig. 13). The combination of foliation
traces and dip interpolation allows a systematic comparison of structural domains,
however, here it is only used to outline main differences between the

Sveconorwegian and Caledonian infrastructures.

The Sveconorwegian Infrastructure

The Sveconorwegian province in southern Norway (Fig. 10) is characterized by
mainly NNW — SSE-trending domain boundaries, shallow domes and N-S trending
corridors of steep foliations (Fig. 11). Gneiss domes are ubiquitous and commonly
cored by late Sveconorwegian magmatic rocks (Barnichon et al., 1999; O'Nions and
Baadsgaard, 1971; Smithson, 1965; Sylvester, 1998). Their diameters range from a
few to ~50 kilometers (e.g. Rogaland Anorthosite Province). However, also 100-km-
scale gneiss domains define shallow domiform geometries. The domes are commonly
juxtaposed against supracrustal sequences or large undeformed batholiths (Sirdal
Magmatic Belt, Slagstad et al., 2018), yet, many contacts are enigmatic. The timing
of high-grade metamorphism in different segments of the Sveconorwegian
infrastructure is well documented in some segments (e.g. Bamble, Rogaland), while
metamorphic and exhumation histories of large gneiss domains are poorly
constrained (Bingen et al., 2008a). Orogen-wide gravitational collapse occurred
presumably after 970 Ma (Bingen et al., 2006). Some domains were exhumed below
extensional detachments, most of which reactivated previous thrusts (Mulch et al.,

2005; Scheiber et al., 2015; Viola et al., 2011). A particularly interesting relationship
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is found on the eastern Hardangervidda in the footwall of the Mandal-Ustaoset
lineament (marked with MU on Fig. 10). The Kalhovd segment is a E-dipping low-
angle ductile-to-brittle fault zone (Sigmond, 1985). In its footwall, E-W oriented (a-
type) granite-migmatite-gneiss domes show 1066 £+ 14 Ma zircon overgrowth on
early Mesoproterozoic to Archean cores (Birkeland et al., 1997). The hanging wall is
occupied by an intra-continental basin (Kalhovd Formation) with detrital zircons as
young as 1065 + 11 Ma (Bingen et al., 2003). This situation strongly resembles core-
complex/detachment scenarios, which could have important bearings for the tectonic

regime of this time, yet, detailed investigations await.

The Caledonian Infrastructure

The Caledonian thrust front (Fig. 10) shows that most of the Sveconorwegian
province in South Norway was involved in the Caledonian orogeny, yet, with highly
variable effects. Deformational, metamorphic and geochronological evidence for
Caledonian overprinting are absent in southernmost Norway, but “Caledonization”
increases gradually towards the NW, reflecting Scandian subduction of the Baltican
margin (Hacker et al., 2010; Milnes et al., 1997). Allochthons separate the
undeformed Baltic Shield from windows exposing variably “caledonized” basement,
which is variably considered as allochthon or autochthon (Corfu et al., 2014; Gee et
al., 2010). The Caledonian infrastructure consists of basement windows, whose
diameters range from 10s to 100s of kilometers. Internally they contain mostly
shallow dipping foliations and E-W or NE-SW trending steep zones (Fig. 11). In
recent years, the Caledonides have been used as a geochronological test ground,
revealing that different geochronometers record a complex relationship between
mineral (re-) crystallization, fluid and melt chemistry, and thermal diffusion (e.g.
Gasser et al., 2015; Gordon et al., 2016; Hacker et al., 2015; Holder et al., 2015;
Kohn et al., 2015; McDonald et al., 2016; Schneider et al., 2008; Spencer et al., 2016;
Warren et al., 2012). This study investigates the @ygarden Complex and the Gulen
MCC (Fig. 10), which represents the southernmost culmination of the Western
Gneiss Region (WGR). Detailed descriptions of the individual windows are given in

the research papers.
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Fig. 10: Tectonic map of southern Norway showing newly interpreted foliation traces in the
Caledonian and Sveconorwegian provinces. Sveconorwegian units based on Bingen and
Viola (2018) and Slagstad et al. (2018). HBG — Hornblende biotite granites, RAP — Rogaland
Anorthosite Province, MU — Mandal-Ustaoset shear/fault zone. Caledonian nappe
tectonostratigraphy based on Jakob et al. (2019). Thrust front and limit of post-orogenic
extension from Fossen et al. (2017). Main study areas: WGR — Western Gneiss Region, G —
Gulen MCC, OC — Oygarden Complex. See paper 4 for details of the Caledonian province.
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1.3.2 Few Thoughts on Infrastructure Reactivation

Sveconorwegian domain-bounding shear zones demonstratable influenced formation
of the Oslo rift (Sundvoll and Larsen, 1994) and the evolution of the late Proterozoic
Baltican margin (Jakob et al., 2019). It seems therefore likely that the pre-existing
structural template also affected Caledonian reworking of the Baltic Shield. Besides
tabular zones, the Sveconorwegian infrastructure is dominantly characterized by large
shallow domes. We can distinguish a number of possible effects of these kinds of

structures.

I) As argued in Paper 5 below, the combination of crystalline cores and weak
bounding fault/shear zones or mantling units makes domes predestined to
form structural highs during rifting. During subsequent convergence, these
isolated highs are vulnerable to be turned into nappes (see Eskola (1948)
for examples from the Alps). Slagstad et al. (2019) presented such a model
for the Jotun/Lindas Nappes based on comparison with the Rogaland
anorthosite province.

1I) If domes are associated with low-density granitic intrusions, they can
induce gravitational instabilities into the overthickened orogenic wedge
(Cooper and Bradshaw, 1980).

IIT)  Pre-existing domal geometries at layer boundaries can induce necking
instabilities (Schmalholz and Mancktelow, 2016) leading to dome

amplification.

The combination of 1) and III) suggests that inherited Sveconorwegian basement
domes may have influenced the locations and sizes of Caledonian basement

windows.
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2. Synthesis and Outlook

Geology can be puzzling.
Image modified from: https://geology-fundamentals.fandom.com/wiki/4244396/wilson-cycle
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2.1 Insights from the Caledonian Infrastructure

First geological map of the Bergen area from C.F. Naumann, 1824
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We have found Sveconorwegian rocks in basement windows of West Norway that
were deformed during the Caledonian orogeny. The before and after comparison with
genetically related, but undeformed equivalents in South Norway allows to precisely
constrain reworking of continental crust in the root zone of a large collisional orogen.
The recognition of domal structures and ductile-to-brittle shear zones directed
investigation of MCC exhumation models. The MCC paradigm transformed gneiss
domains, which previously got little scientific attention, into interesting subjects of
research. The Gulen MCC, for example, turned out to be more than a gneissic
antiform. In fact, it contains an excellently exposed record of deformation processes
and kinematics from different levels of the crust. Similarly to the Tonale fault zone
(Stipp et al., 2002), the Qygarden Complex can be considered as a natural laboratory
for crustal deformation. In the latter case, continuous high-quality exposures allowed
us to constrain weakening-feedbacks in the exhuming ductile crust, which may play a
fundamental role for detachment formation. The MCC paradigm was invaluable in
searching and finding Caledonian migmatites in this part of the basement, which was
previously unexpected. Furthermore, it provides a genetic framework for different
types of shear zones, which can clearly improve our understanding of their brittle

reactivation during rifting (Paper 5).

Paper 4 provides a regional synthesis of our findings and their extrapolation to larger
parts of the orogen. We found that the Caledonian infrastructure underwent drastic
rheological changes during orogenic evolution and, therefore, played distinct roles at
different stages. During post-orogenic collapse, the state of the infrastructure was
highly variable, both across- and along-strike of the orogen. Depending on the
segment of the orogen, variable metamorphic and deformational gradients
distinguished the foreland from the hinterland. The segmentation across orogen-scale
transfer zones appears as a first-order feature in the evolution of the Caledonian
orogen. Yet, to resolve the contrasting roles of structural inheritance and dynamic
instabilities, we first need to better constrain the role of each segment at different
stages of orogenic evolution. Just alone extensional collapse was certainly more
complex than presented in our models. Hypothetically, convergent and divergent

gravitational collapse (sensu Rey et al., 2001) may have occurred simultaneously



50

depending on the gravitational potential of each segment. In the case of excess
gravitational potential, gravity indeed could have driven thrusting at least in parts of
the foreland (Andersen and Jamtveit, 1990; Eskola, 1948; Ramberg, 1981). Another
uncertainty in our model is the role of syn-contractional doming, e.g. due to orogen-
parallel lateral extrusion (Braathen et al., 2002; Kirkland et al., 2006). To address this
issue, we need to systematically constrain kinematics, conditions and timing of
infrastructure deformation along the entire length of the Scandinavian Caledonides.
New insights from basement windows in North Norway (Braathen et al., 2018;
Froitzheim et al., 2016; Steltenpohl et al., 2011) require updated investigations to
constrain their relation to the structures in southern Norway. Further synthesis with
the Greenland Caledonides (Andresen et al., 1998; Andresen et al., 2007; Gilotti et
al., 2014; Hartz and Andresen, 1997; Hodges, 2016; Johnston et al., 2010;
McClelland and Gilotti, 2003; White et al., 2002) and the orogenic evolution of the
Appalachians (Steltenpohl et al., 2013) would certainly enhance our understanding of

the orogenic system as a whole.

Looking back at contrasting views on the orogenic infrastructure in the research
history of the Scandinavian Caledonides (compare Gee, 1975; Hurich et al., 1989;
Krill, 1985; Krill and Griffin, 1981; Wegmann, 1935), it seems that all sides were
right in some aspects, while each position had also its limitations. Since research
focus has shifted from regional field mapping campaigns to detailed, process-oriented
investigations, however, the old field descriptions are indispensable documentations
that should be acknowledged and guide modern research. For example, Eskola (1948
pp. 472 - 473) summarized a section through the northern Scandinavian Caledonides
(Stora Lulevattnet — Ofoten area) by Kautsky (1946), which gives a remarkable
complete picture of Caledonian tectonic evolution and asks to be tested with modern

methods.
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2.2 Temporal-Spatial Evolution of Orogenic Infrastructures

Abb. 2. Migmatitstirne. Skm

Abb. 3. Migmatitdecke. 25km

Abb. 4. Migmatitpilz. — 13km

Schematic sketches of 3D shapes observed in the infrastructure of the Greenland Caledonides.

From Haller (1956).
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The temporal evolution of the rheological state of the lithosphere is now widely
appreciated in the dynamics of convergent (Vanderhaeghe, 2012) and divergent
tectonic systems (Buck, 1991). Our insights from the Scandinavian Caledonides fit
well in the quantitative framework of the orogenic main sequence (Beaumont et al.,
2006; Jamieson and Beaumont, 2013), while highlighting the importance of post-
convergent collapse. We argue that most of the ductile structures we find “frozen”
inside orogenic infrastructures formed during the last phase of orogenic evolution and
overprinted or even entirely annealed previous features. This implies that our
understanding of orogenic collapse largely determines the successful reconstruction

of earlier and subsequent tectonic phases.

Besides the temporal evolution, the main insight from this study is the spatial
variability of infrastructure deformation. Major recent orogens, for example the
Andes (Jordan et al., 1983; Riller and Oncken, 2003), the Alps (Lacombe and
Mouthereau, 2002; Ratschbacher et al., 1991a), and the Himalayas (Hubbard et al.,
2016; Royden et al., 1997; van der Beek et al., 2016) show significant along-strike
tectonic segmentation, influencing topography, surface processes and climate.
Similarly, along-strike segmentation is common in ancient orogens (Slagstad et al.,
2017), subduction zones (Faccenna et al., 2004; Jolivet et al., 2015; Saleeby, 2003),
passive margins (Osmundsen and Péron-Pinvidic, 2018; Péron-Pinvidic et al., 2017)

and mid-oceanic ridges (Carbotte et al., 2016; Macdonald et al., 1988).

In contrast to the temporal evolution of orogens, however, there is yet no general
framework for their 3D evolution. Even in the case of inherently three-dimensional
structures, such as domes and MCCs, there is a surprisingly small number of studies
that focus on their 3D nature (e.g. Jolivet et al., 2004; Kruckenberg et al., 2011; Le
Pourhiet et al., 2012; Osmundsen et al., 2005; Rey et al., 2017). Of course, it is
challenging to visualize, draw and model three dimensions, but to rely on 2D
approaches assuming cylindricality, fundamentally hampers our understanding of
orogen dynamics. This might be one of the reasons for the unresolved origin of
infrastructure domes. Most constraints are inconclusive and can be reconciled with

contraction as well as extension. In the end, the tectonic model depends on the
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interpreted lithosphere-scale 3D kinematic boundary conditions. The Caledonides
appear to be a rare case where evidence speaks quite clearly for plate divergence
during most of the Devonian (Fossen, 2010). In other cases, especially in areas of
active convergence, the origin of domes remains much more ambiguous. Maybe, the
distinction of contraction and extension as driving force is not that important after all.
Many long-lasting binary debates in the history of Earth science show that both sides
hold part of “the truth” (Rudwick, 2014). In the case of domes in orogens, it seems
that only contraction provides the conditions for doming, while only extension (in

one direction or the other) provides the necessary space for their exhumation.
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2.3 Closing Remarks
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Old woman or young woman? Observational bias is inevitable, so why not deal with it?

Image from https.//www.researchgate.net/figure/The-optical-illusion-The-Young-Girl-Old-Woman_figl 233626368
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In the history of Earth science, continental tectonic research was not able to provide
unambiguous evidence for global geodynamic paradigms (Oreskes, 1999; Triimpy,
2001). Due to its complexity, the geological record of continents could be reconciled
with one interpretation or the other. In her analysis, Oreskes (1988) argues that
fundamentally different types of evidence distinguished the stubborn rejection of
continental drift from the quick acceptance of plate tectonics. Evidences for
Wegener’s drift theory were mainly homologies: “similarities of patterns and forms
based on direct observation of rocks in the field” (Oreskes, 1988, p. 340), e.g. fossil,
stratigraphic or paleoclimatic records. Plate tectonics, on the other hand, was based

on de-personalized geophysical measurements.

The focus of modern research on numerical modelling and quantitative analytical
techniques may reflect an amplification of this development. However, the gap
between micro- to nano-scale constraints and the scale of tectonic plates poses an
inevitable challenge. Homologies are difficult to handle within a quantitative
framework and will always be biased by the observer’s views, opinions and interests.
In continental research, homologies still appear as the only mean to fill the gap
between the scales of observations and models. In the age of digitalization, we can
develop new (semi)quantitative field mapping techniques and integrate big data
geology with geophysics to scale our observations. We can compare continental and
oceanic tectonics, which seems beneficial for both sides. The oceans provide better
geophysical coverage and a simpler system not complicated by repetitive life cycles.
If we furthermore accept that observational bias is inevitable, we can develop ways to
deal with it. The history of research paradigms and the uncertainty induced by of
scientist’s gender, status, background, etc. needs to be analyzed through meta-
research (e.g. Bond, 2015). Last but not least, we need paradigms that make us go
into the field to challenge established ideas. In the end, the real value of a paradigm is

found in the questions it raises.
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ARTICLE INFO ABSTRACT

Keywords: The Pygarden Complex is the westernmost basement window in the Norwegian Caledonides, yet, the age and
Baltica evolution of this part of the Baltic Shield is largely unknown. We examined the eastern part of the window by
Telemarkia

detailed field mapping and SIMS U-Pb zircon geochronology, to disentangle the record of Caledonian and
Sveconorwegian orogenesis and to constrain the long-term crustal evolution. The eastern @ygarden Complex
comprises mainly Sveconorwegian metaigneous rocks, which intrude Telemarkian granitic basement, dated at
1506 + 5Ma. Sveconorwegian magmatism occurred in two distinct phases: Contemporaneous hornblende
biotite granite and gabbro intrusions revealed crystallization ages of 1042 = 3 Ma and 1041 * 3 Ma, respec-
tively. We dated younger leucogranitic intrusions at 1027 *+ 4 Ma, 1024 = 6 Ma and ca. 1022 Ma. The new
ages clearly identify the @ygarden Complex as a part of Telemarkia and correlate it with the Sirdal Magmatic
Belt. Furthermore, they show that the Precambrian evolution of the @ygarden Complex is distinctly different
from the Western Gneiss Region. Bimodal magmatism at 1041 Ma and the absence of Sveconorwegian high-
grade metamorphism in the eastern @ygarden Complex support the idea of an accretionary Sveconorwegian
orogen. Following long-term residence at low temperatures, a temperature increase caused resetting of high-U
metamict zircons at ca. 482 Ma. This early Ordovician thermal event might reflect extension of the Baltican
margin or early Caledonian convergence. Caledonian ductile reworking involved top-to-E shearing and re-
cumbent lineation-parallel folding followed by the formation of ductile-to-brittle normal-sense shear zones. We
discuss this structural evolution in the light of existing and new tectonic models, including early Devonian core-
complex exhumation of the @ygarden Complex.

Sirdal Magmatic Belt

SIMS U-Pb zircon geochronology
Western Gneiss Region
Metamorphic core complex

1. Introduction has become a matter of controversy (Moller et al., 2013; Slagstad et al.,

2013b). Previously, calc-alkaline 1040-1020 Ma granitoids in Tele-

Grenville-age orogens (1.3-1.0 Ga) are found on all continents and
indicate a very important period of continental crust formation (Rino
et al., 2008) that finally led to the formation of Rodinia (Li et al., 2008).
Across the planet, the style of Grenville-age orogens ranges from large
and hot continent-continent collision orogens to variably sized accre-
tionary orogens (Cawood and Pisarevsky, 2017; Roberts et al., 2015).
The Sveconorwegian orogen in southern Baltica is traditionally seen as
a direct continuation of the Grenvillian continent-continent collision
(e.g. Bingen et al., 2008b; Bingen et al., 2005; Moller et al., 2015).
However, since the recent recognition of the late Mesoproterozoic
(1050-1020 Ma) Sirdal Magmatic Belt in southern Norway (Coint et al.,
2015; Slagstad et al., 2013a) the style of Sveconorwegian orogenesis

* Corresponding author.
E-mail address: johannes.wiest@uib.no (J.D. Wiest).

https://doi.org/10.1016/j.precamres.2017.11.020

markia were interpreted as evidence of syn-collisional magmatism
caused by crustal thickening (Bingen et al., 1993; Bingen and Van
Breemen, 1998). Slagstad et al. (2013a,b), however, point out the
subduction-related geochemical signatures of 1050-1020 Ma granitoids
and the widespread absence of regional metamorphism and deforma-
tion after 1020 Ma in the Sirdal Magmatic Belt. Emplacement of the
major granitic batholith was contemporary with mafic magmatism and
voluminous mafic underplating (Bybee et al., 2014; Slagstad et al.,
2017 and b). Based on these findings, Slagstad et al. (2013a) proposed a
non-collisional and rather accretionary style of the Sveconorwegian
orogen. Slagstad et al. (2017) argue that the Sveconorwegian province
represents the lateral termination of the Grenvillian continent-continent
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Fig. 1. A: Schematic paleogeography of Laurentia, Baltica and Amazonia for the period 1090-1020 Ma, showing the Sveconorwegian orogen as a lateral termination of the Grenville
continent-continent collision modified from Slagstad et al. (2017). Possible clockwise rotation of Baltica (Cawood and Pisarevsky, 2017) is shown symbolically and a possible northward
continuation of the Sveconorwegian belt (Gee et al., 2017) is indicated by green dashed lines. B: Simplified geologic map showing major tectonic units and crustal formation ages of the
Baltic Shield. After Bingen and Solli (2009) and Slagstad et al. (2013a). Red rectangle marks extend of Fig. 2A. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

collision, related to the spatially limited extent of the Amazonian con-
tinent (Fig. 1A). Cawood and Pisarevsky (2017) suggested a more dy-
namic model that is based on clockwise rotation of Baltica related to the
opening of the Asgard Sea. In this alternative scenario, the southern
margin of Baltica collided softly with Amazonia. However, the re-
lationship between the Grenvillian and Sveconorwegian orogens is
obscured by the loss or extensive tectonic reworking of vast parts of
continental crust, which were originally linking the two orogenic belts
(e.g. Gee et al., 2017). Large parts of the Sveconorwegian crust were
strongly overprinted by the Caledonian orogeny (e.g. Gee et al., 2008).
Therefore, tectonic models for the Sveconorwegian orogeny are based
on a limited belt of preserved Precambrian crust as well as allochtho-
nous fragments of Baltican crust (e.g. Roffeis et al., 2013). The Pre-
cambrian evolution of large parts of the ‘caledonized’ Baltican base-
ment, on the other hand, remains poorly understood.

We address this problem by taking a closer look at the @ygarden
Complex, the westernmost basement window in the Norwegian
Caledonides (Fig. 2). The window exposes Precambrian rocks that ex-
perienced strong Caledonian reworking (Fossen and Rykkelid, 1992b;
Sturt et al., 1975), but the precise age and origin of the pre-Caledonian
protoliths are still unknown. The @ygarden Complex is located along-
strike of the Sirdal Magmatic Belt in the direction towards the Gren-
villian orogen (Fig. 1), making it a key area for our understanding of
Sveconorwegian orogenesis. In this study, we test a possible Grenville-
age affinity of the @ygarden Complex after carefully disentangling its
strong Caledonian overprint. Thereby, we try to clarify the relationship
between the @ygarden Complex and adjacent basement provinces as
well as the Sirdal Magmatic Belt. Detailed field mapping in the eastern
@ygarden Complex constrained igneous and metamorphic as well as
structural relationships, and formed the basis for Secondary Ion Mass
Spectrometry (SIMS) U-Pb zircon geochronology. This paper presents a
detailed geologic description of the eastern @ygarden Complex and the
first high-resolution U-Pb zircon geochronological data from the entire
@ygarden Complex.

2. Geologic setting
2.1. Precambrian evolution of SW Norway

Most of the Baltican continental crust formed in the Proterozoic at
the long-lived (1.9-0.9Ga) accretionary margin of Fennoscandia
(Bingen and Solli, 2009; Roberts and Slagstad, 2015; Torsvik and Cocks,
2005). This evolution is reflected in the distribution of main crustal
formation ages in Scandinavia, getting generally younger from E to-
wards W (Fig. 1B). In SW Norway, the basement can be principally
subdivided into a Gothian (1.66-1.52Ga) and a Telemarkian
(1.52-1.48 Ga) domain (Bingen et al., 2005). The Gothian-Telemarkian
orogenic episode marks a distinct period of spatially and temporally
variable arc magmatism, sedimentation and accretion in a subduction-
zone environment at the long-lived accretionary margin of Fennos-
candia (Roberts and Slagstad, 2015). Gothian crust constitutes the
Western Gneiss Region (WGR) and the Idefjorden Terrane (e.g. Rohr
et al., 2013; Skar, 2000; Skér et al., 1994; Skar and Pedersen, 2003). In
contrast, 1.52-1.48 Ga crust and a significant volume of Sveconorwe-
gian intrusives (1.15-0.9 Ga) define Telemarkia and the Bamble-
Kongsberg terrane (e.g. Bingen et al., 2008a,b; Bingen and Solli, 2009;
Coint et al., 2015; Slagstad et al., 2013a). The Sveconorwegian orogeny
marks the final episode of the long-lived accretionary history at the
active SW margin of Fennoscandia (Roberts and Slagstad, 2015). Sve-
conorwegian tectonics juxtaposed different crustal blocks and largely
formed the internal structure of the Baltican basement (Bingen et al.,
2005), yet, the style of the Sveconorwegian orogeny remains con-
troversial (e.g. Bingen et al., 2008b; Moller et al., 2013; Slagstad et al.,
2017; Slagstad et al., 2013a,b). Rodinia’s break up around 800 Ma was
followed by the opening of the Iapetus Ocean from around 550 Ma, with
Baltica emerging as an independent continent (Cocks and Torsvik,
2005; Li et al., 2008; Pease et al., 2008; Torsvik and Cocks, 2005).
Multiple phases of extension apparently led to the formation of a hy-
perextended margin of Baltica (Abdelmalak et al., 2015; Andersen
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Fig. 2. A: Simplified geologic map of the Bergen Arc System based on Ragnhildstveit and Helliksen (1997). Dashes indicate the trace of foliation and the red rectangle marks the study
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et al., 2012; Jakob et al., 2017).

2.2. Paleozoic evolution of the Baltoscandian margin

From around 480 Ma, the Caledonian orogeny evolved around the
closure of the Iapetus Ocean and resulted in Scandian (Silurian) oblique
continent-continent collision between Laurentia and Baltica (Gee, 1975;
Gee et al., 2008; Roberts, 2003; Torsvik and Cocks, 2005). Various early
Caledonian events are recorded in different allochthonous units, but

their allocation to either the Baltican or the Laurentian margin is in
many cases controversial (e.g. Corfu et al., 2014; Faerseth et al., 2011;
Roberts, 2003; Sturt et al., 1978). At the Laurentian margin, several
Ordovician ophiolite complexes were emplaced in a suprasubduction
setting, accompanied by arc magmatism, accretion and subduction of
transitional Laurentian crust (Taconic orogeny; e.g. Andresen and
Steltenpohl, 1994; Augland et al., 2014; Dunning and Pedersen, 1988;
Furnes et al., 2012; Pedersen and Dunning, 1997; Slagstad et al., 2014;
Steltenpohl et al., 2003). Early subduction of previously rifted parts of
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the Baltoscandian margin is recorded in Ordovician ultra-high pressure
rocks in some Caledonian thrust nappes (e.g. Brueckner et al., 2004;
Essex et al., 1997; Gee et al., 2013; Hacker and Gans, 2005; Klonowska
et al., 2014; Root and Corfu, 2012).

During the Scandian phase, the Baltican margin was deeply sub-
ducted below Laurentia, reaching ultra-high pressure conditions in
parts of the WGR (Hacker et al., 2010; Root et al., 2004). The meta-
sedimentary basement cover acted as the basal décollement for a
wedge-shaped pile of nappes that was thrust onto the Baltoscandian
margin to the SE (Gee, 1975; Gee et al., 2008). Post-orogenic exten-
sional deformation strongly affected the Scandinavian Caledonides
(Fossen, 2010). During Mode I extension, the basal décollement zone
was reactivated with top-to-the-hinterland (NW) transport (Fossen,
1992, 2000; Fossen and Dunlap, 1998), corresponding to eduction of
the Baltican slab (Andersen et al., 1991). Subsequent Mode II extension
formed steeper hinterland-dipping extensional shear zones that cut
through the orogenic wedge and the inactivated décollement zone and
rapidly exhumed the basement to shallow crustal depths (e.g. Andersen
and Jamtveit, 1990; Fossen, 1992; Fossen and Hurich, 2005; Milnes
et al., 1997; Norton, 1987) . Intermontane basins filled with Middle
Devonian conglomerates and sandstones formed in the hanging wall of
the Nordfjord-Sogn Detachment Zone (Johnston et al., 2007; Seranne
and Seguret, 1987; Steel et al., 1985; Vetti and Fossen, 2012) and the
Bergen Arc Shear Zone (Wennberg et al., 1998). The detachments, high-
grade footwall gneisses as well as the supra-detachment basins were
folded into E-W-trending upright folds in a transtensional regime
(Chauvet and Seranne, 1994; Fossen et al., 2016; Fossen et al., 2013;
Krabbendam and Dewey, 1998; Osmundsen and Andersen, 2001). The
onset of brittle extensional deformation (Mode III) has been dated in the
Bergen area to 396 Ma (Larsen et al., 2003). At the same time, partial
melting continued in the WGR (Gordon et al., 2013). Brittle conditions
were reached in parts of the WGR as late as the Permian, according to
Eide et al. (1997).

2.3. The @ygarden Complex

The @ygarden Complex forms a tectonic window occupying the core
and the western part of the Bergen Arc System (Fig. 2; Johns, 1981;
Kolderup and Kolderup, 1940). The Bergen Arcs consist of a series of
Caledonian nappes with different origins and tectonic histories, which
are synclinally folded and refolded into a large-scale arc structure
(Fossen, 1989; Kvale, 1960; Sturt and Thon, 1978). The allochthons
occupy a major depression in the basement (Fig. 2B; Fossen and Dunlap,
2006) which is related to the Bergen Arc Shear Zone (BASZ), a Devo-
nian extensional shear zone (Fossen and Rykkelid, 1992a; Wennberg
and Milnes, 1994; Wennberg et al., 1998). Basement rocks in the
footwall of the concave-shaped BASZ are considered part of the
southern WGR. The @ygarden Complex comprises (par)autochthonous
basement in the hanging wall of the shear zone (Kvale, 1960;
Ragnhildstveit and Helliksen, 1997; Sturt et al., 1975). However, due to
strong penetrative deformation of the @ygarden Complex, an al-
lochthonous state has also been suggested (Bering, 1985).

The rocks in the @ygarden Complex are mainly granitic, grano-
dioritic and tonalitic gneisses as well as several bodies of gabbroic
rocks, which are mostly transformed into amphibolites (Johns, 1981).
The only published geochronological ages, so far, are Rb/Sr whole rock
ages that show a large scatter ranging from 1750 to 473 Ma (Sturt et al.,
1975). SIMS U-Pb analysis of three single zircon grains revealed a
poorly constrained upper intercept age of 1620 + 120 Ma (Knudsen
and Fossen, 2001). Johns (1981) suggested that most gneisses and
amphibolites in the @ygarden Complex are Pre-Svecofennian
(> 1800 Ma) and represent a meta-volcanic-sedimentary succession.
Gabbroic and granitic rocks in the Haganes gneissose granite suite on
Sotra (Fig. 2A) partially preserve intrusive relationships and revealed
Sveconorwegian Rb-Sr ages (Johns, 1981; Sturt et al., 1975). These
rocks have been correlated with a large gabbroic pluton on Askgy
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(Askvik, 1971) and the arc-shaped belt of augen gneisses that forms the
eastern limit of the @ygarden Complex (Weiss, 1977). In some of the
granitic rocks within the latter group, exceptionally high radiogenic
heat production values have been recently discovered (Pascal and
Rudlang, 2016; Schulze, 2014).

Thermochronological studies in the western part of the @ygarden
Complex showed that Scandian peak metamorphism reached upper
amphibolite facies conditions with temperatures in excess of 650 °C at
7-8 kbar (Boundy et al., 1996). They were followed by rapid exhuma-
tion in the early Devonian through lower amphibolite facies at
408-404 Ma and greenschist facies at 401 Ma to the brittle-plastic
transition at 396 Ma (Boundy et al., 1996; Fossen and Dunlap, 1998;
Larsen et al., 2003). Besides basic field studies conducted by Askvik
(1971) and Weiss (1977), neither detailed structural nor thermo-
chronological constraints are available from the eastern @ygarden
Complex so far. Generally, the mylonitic contact between the @ygarden
Complex and the Paleozoic rocks of the Minor Bergen Arc is considered
as the basal Caledonian thrust (Fossen, 1989; Kvale, 1960) and top-to-E
fabrics in the eastern @ygarden Complex are accordingly interpreted to
reflect Scandian southeastward thrusting (Fossen and Dunlap, 1998;
Larsen et al., 2003; Wennberg, 1996). In contrast to the basal décolle-
ment of the SW Norwegian Caledonides farther east, this segment of the
basal thrust was not reactivated with top-to-NW deformation corre-
sponding to Mode I extension (Fossen, 1993; Fossen and Dunlap, 1998).
Structurally lower levels in the western part of the @ygarden Complex,
on the other hand, record strong ductile top-to-W shearing related to
early Devonian crustal extension (Fossen and Rykkelid, 1992a;
Rykkelid and Fossen, 1992). The main composite gneissic fabric in the
@ygarden Complex is folded into a series of upright E-plunging syn- and
antiforms (Fig. 2A), including top-to-W fabrics (Fossen and Rykkelid,
1990). The general eastward dip of the gneissic fabrics becomes pro-
gressively shallower towards the west and rotates into shallow west-
ward dip at the westernmost shoreline, reflecting a large N-S-trending
anticline (Fig. 2C; Fossen, 1998; Larsen, 1996; Larsen et al., 2003).
Steep brittle faulting and the intrusion of N-S-trending basaltic dykes
are related to various phases of Mesozoic rifting (e.g. Fossen, 1998;
Fossen et al., 2016; Ksienzyk et al., 2014; Ksienzyk et al., 2016; Larsen
et al., 2003).

3. High-resolution field mapping of the eastern @ygarden
Complex

Directly west of the city of Bergen, the mountains Lyderhorn,
Damsgardsfjellet and Lgvstakken form a horseshoe-shaped belt, mostly
consisting of granitic rocks (sometimes referred to as the “Lgvstakken
granite”) that follows the contact between @ygarden Complex and
Minor Bergen Arc (Weiss, 1977). The 400 m-high mountain Lyderhorn
(Figs. 2 and 3) forms an N-S-elongated ridge with steep eastern and
western flanks, which offer excellent and easily accessible exposures.
Based on lithological differences, five metaigneous lithological units
have been identified (Table 1) and are shown on the newly compiled
detailed geologic map (Fig. 3).

3.1. Lithological field relationships

The northern ridge of the mountain consists of a layered sequence of
granitic, granodioritic and tonaltitic gneisses that are variably de-
formed, ranging from coarse-grained granites to mylonites. Local am-
phibolite dykes are concordant to the foliation without clear cross-
cutting relationships. A major body of gabbroic rocks that has been
mostly metamorphosed and transformed into metagabbros and am-
phibolites occupies the central part of the study area. Minor lenses that
escaped deformation show an original noritic composition, indicating
that the basic body can be correlated with the nearby norite pluton on
Askey (Fig. 2A; Askvik, 1971). Different types of granites intrude the
gabbroic rocks. Hornblende biotite granite gneiss forms two confined
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Fig. 3. Newly compiled geologic map and N-S cross section of the Lyderhorn area in the eastern @ygarden Complex showing sample localities for U-Pb zircon geochronology. Note that
the shear zone pattern reflects the topography of the mountain, which relates to shallowly E-dipping shear zones and steep N-S- and E-W-trending brittle faults.
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Table 1
Lithological units and SIMS U-Pb zircon geochronology samples.
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Unit Lithologies Sample Igneous Age GPS Position

Mylonitic granitic gneiss LYD-83-1 1506 = 5Ma 5°15’35,7”E, 60°23'14,5"N
Layered gneisses Granitic augen gneiss

Micaceous granit. gneiss

Tonalitic gneiss

Gabbro
Gabbroic rocks Metagabbro LYD-44-1 1041 + 3Ma 5°1420,9”E, 60°22’31,9"N

Amphibolite LYD-35-1 1040 + 11Ma 5°13'53,6"E, 60°22'37,7"N
Hornblende biotite granite gneiss Hornblende biotite granite gneiss LYD-197-1 1041 + 3Ma 5°14’30,7”E, 60°22'24,9"N
Pegmatite and Leucogranitic pegmatite LYD-197-2 1022 + 11Ma 5°14'30,7”E, 60°22'24,9"N
leucogranite Gneissic leucogranite LYD-163-1 1022 + 11Ma 5°14’58,5”E, 60°22’4,5"N

Leucogranitic pegmatite

Mylonitic granitic gneiss LYD-169-1 1027 = 4Ma 5°14'18,8”E, 60°21’37,5"N

Mixed Series Amphibolite

Hornblende biotite granite gneiss

bodies and show a gradual transition towards tonalite at the margins of
the intrusions. Locally, hornblende biotite granite clearly intrudes
gabbroic rocks (Fig. 4A), but more commonly the contacts are inter-
layered zones with ambiguous relationships, which imply that the
granite intruded the gabbro before the latter was entirely crystallized.
Leucogranites and pegmatites intrude all the previously described units
and form E-W striking dykes that get increasingly more voluminous
towards the south. Compositions range from alkali feldspar granite to
monzogranite, and textures vary gradually from pegmatitic to medium-
grained granitic gneiss. The mapped occurrence of the leucogranites
and pegmatites coincides precisely with high concentrations of radio-
active elements, found through gamma-spectrometry measurements
carried out by Schulze (2014). In the southernmost part of the study
area, the previously described lithologies alternate on a meter-scale
with the dominant leucogranitic gneisses. Lenses of amphibolite and
metagabbro are contained within layers of hornblende biotite granite
gneiss and banded mylonitic granitic gneisses. Abundant K-feldspar-
rich leucogranitic pegmatites show clear intrusive relationships with
the other lithologies. The unit is here termed Mixed Series, following
Weiss (1977) who mapped the unit as ‘layered series’. The strong
mixing of lithologies appears to be related to intrusive relationships in
combination with strong tectonic transposition.

3.2. Metamorphic fabrics and mineralogy

To various degrees, all the magmatic lithologies were affected by
metamorphic recrystallization and transformed into L, L > SorL =S
tectonites. Metamorphosed and deformed gabbroic rocks clearly show
that peak metamorphism reached amphibolite facies conditions.
Metagabbros consist mostly of plagioclase and green hornblende
overgrowing relict orthopyroxene, with minor amounts of biotite, ti-
tanite-rutile aggregates and epidote. In areas of higher strain, meta-
gabbros grade into amphibolites, which are mineralogically similar but
characterized by finer grain size, the absence of pyroxenes and the local
occurrence of garnet. Recrystallized plagioclase and aligned growth of
hornblende form a pronounced E-plunging mineral lineation in mylo-
nitic amphibolites (Fig. 4B).

Metagranitic rocks range from protomylonites to ultramylonites and
show heterogeneous, but generally, strong dynamic recrystallization of
quartz and feldspar. Elongated rods of recrystallized quartz and feldspar
form a well-defined shallowly E-plunging linear fabric in most granitic
rocks while the development of a mylonitic foliation is more hetero-
geneous (Fig. 4C): Foliations are well developed within anastomosing
shear zones and in mica-rich lithologies, however, augen gneisses with
a dominant L fabric are abundant. Microfabrics in metagranitic rocks

show mostly deformation at greenschist facies conditions, but amphi-
bolite facies fabrics occur in banded gneisses. Metamorphic index mi-
nerals that could constrain peak metamorphic conditions more pre-
cisely are absent. Leucogranites and pegmatites are commonly rich in
K-feldspar and exhibit heterogeneous mineral-dependent deformation
at greenschist facies conditions (Fig. 4D), i.e. quartz domains show
strong dynamic recrystallization, while K-feldspar crystals are only
marginally recrystallized and deform mainly by brittle fracturing. In
places, feldspathic pegmatites appear to have escaped ductile de-
formation probably due to strain partitioning into more quartz- or mica-
rich lithologies.

A characteristic feature of the area is the intensity of low-grade
deformation and alteration. Cataclastic fabrics are abundant in shal-
lowly E-dipping high-strain zones, which exhibit a strong brittle over-
print on previously ductile fabrics (see section 3.4). Within this ductile-
to-brittle shear zones retrograde hydration mineral reactions indicate
the presence of fluids during deformation at greenschist facies and even
lower metamorphic grades (Wintsch et al., 1995). Chlorite phyllonites
formed from mafic rocks, where biotite replaced amphibole and was
itself altered into chlorite (Fig. 4E). In felsic phyllonites that formed
from granitic rocks, K-feldspar was largely replaced by muscovite and
quartz (Fig. 4G-H). The strain weakening that is associated with these
retrograde mineral reactions (Bos and Spiers, 2002) enhanced the lo-
calization of low-grade deformation in discrete shear zones. Further
evidence for hydrothermal activity at greenschist facies conditions in
high-strain zones can be found at several locations. In a mylonitic to
cataclastic granitic fault rock, garnet porphyroblasts overgrow musco-
vite and quartz, which themselves replace K-feldspar (Fig. 4F). Radial
aggregates of actinolite have been found overgrowing granitic frag-
ments in a chlorite breccia and in most thin section samples abundant
saussuritization of plagioclase and kaolinitization of K-feldspar can be
observed.

3.3. Fabric orientation, kinematic indicators and fold geometries

Shallow eastward dipping planar fabrics and ENE-plunging linear
fabrics characterize the structural geometry of the study area with a
distinct appearance of E-W and N-S outcrop faces (Fig. 5A). In sections
parallel to the E-plunging mineral stretching lineations, fabrics appear
with mostly subhorizontal preferred orientations and are rotated into
parallelism. On the other hand, sections perpendicular to the lineation
exhibit contrasting domains with predominant linear or planar fabrics,
respectively. L > S domains are characterized by prolate feldspar
augen as well as ribbons of recrystallized quartz and feldspar that could
indicate constriction. The preservation of primary intrusive
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Fig. 4. Photographs of field relationships and metamorphic fabrics. A: Bright hornblende biotite granite veins intruding amphibolite (60°22’55.58”N; 5°13’56.30”E) seen in section
perpendicular to mineral lineation. B: Mylonitic amphibolite in section parallel to the mineral lineation (60°21’34.07”N; 5°14'27.75”E). C’-shear bands deflect the mylonitic foliation (S)
and indicate top-to-E sense of shear. C: Mesoscale shear zone in mylonitic granitic gneiss (60°23'18.11”N; 5°14’24.57”E). A mylonitic foliation is well developed within the shear zone
(L = S), while the gneiss in the footwall has a dominant L fabric. Deflection of the foliation and asymmetrically sheared feldspar clasts indicate top-to-E sense of shear. D:
Photomicrograph (crossed polarized light) of granite pegmatite showing strong dynamic recrystallization of quartz and brittle fracturing of plagioclase. E: Photomicrograph (plain
polarized light) of chlorite phyllonite (same as Fig. 6E). F: Photomicrograph (crossed polarized light) of granitic fault rock (60°236.92”N; 5°14’56.96”E) showing unstable K-feldspar
being replaced by quartz and muscovite close to a large garnet porphyroblast. G: Cut hand specimen of felsic phyllonite (60°22'17.74”N; 5°14’34.86”E), showing almost complete
repl of K-feldspar (yellowish-white) by muscovite and quartz. H: Photomicrograph (crossed polarized light) of the same fault rock. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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relationships in the L > S domains and the geometric relationship
between all measured fabric elements with consistent orientations in-
different of metamorphic grade (Fig. 5B) indicate that all of the fabrics
seem to be related to one main deformation event. In outcrop sections
parallel to the mineral lineation, abundant kinematic indicators are
well developed. S-C’ type structures (Figs. 4B and 6D), deflected my-
lonitic foliations (Fig. 4C), asymmetrically sheared clasts (Fig. 6C) as
well as E-vergent isoclinal folds show without exception non-coaxial
strain with top-to-E(NE) sense of shear from amphibolite facies to
lowest greenschist facies conditions.

The mylonitic foliation and contacts between all the different
lithologies exhibit strong folding on various scales. Planar fabrics ex-
hibit folding around an ENE-plunging fold axis (Fig. 5B), and the gen-
eral NE-dip reflects the position of the study area on the northern limb
of an upright, E-plunging megafold (Weiss, 1977). Observable meso-
and macrofolds can be grouped into two sets based on different

geometries and orientations. A minor set of N-S-trending, E-vergent,
isoclinal recumbent folds are commonly non-cylindrical with strongly
curved hinge lines and non-planar axial surfaces. Far more abundant
are ENE-plunging tight to isoclinal recumbent folds that are mostly
cylindrical on the outcrop scale and classify as parallel folds with at-
tenuated limbs and thickened hinge areas (Fig. 5D). This set of folds has
subhorizontal axial surfaces that dip to the North, as well as the South,
creating in places bivergent fold patterns in single layers (Fig. 5A).
Statistically, the orientation of the acquired fold axes and mineral
stretching lineations is identical; both have a mean trend of 82°
(Fig. 5C). Folded mylonitic foliations, which are cut by discrete top-to-E
shear zones with lower greenschist facies fabrics (see below), indicate
that the recumbent lineation-parallel folds formed most likely si-
multaneously with amphibolite to upper-greenschist facies top-to-E
shearing. Assuming that the recumbent mesofolds and the upright
megafold (Weiss, 1977) formed at the same time, their relationship
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Fig. 6. Loddefjord shear zone: A: View of the main deformation zone in section perpendicular to the mineral lineation (60°21°46.50”N; 5°14’17.10”E). Within the deformation zone,
granitic fragments float in a matrix of chlorite phyllonite. Drone image from Robert Sasak. B and C: Field photographs of shallowly E-dipping fabrics in section parallel to the mineral
lineation (60°21’42.69”N; 5°14’19.39”E). Asymmetrically sheared granitic clasts and C’-S structures within the phyllonitic matrix indicate top-to-E sense of shear. D: Strongly rounded

granitic clasts in the “tectonic conglomerate”.

corresponds to the geometry of cascading folds (Whitney et al., 2004)
and indicates that the area was affected by vertical shortening on a
regional scale.

3.4. Ductile-to-brittle low-angle shear zones

Numerous shallowly NE- and SE-dipping shear zones with top-to-E
displacement dissect the entire study area and cut earlier formed fold
structures (Fig. 3). The pattern of shear zones on the geologic map is
caused by the intersection of E-dipping shear zones with subvertical
N-S- and E-W-striking brittle faults. High-strain zones exhibit relict
amphibolite facies fabrics, but most deformation occurred at greens-
chist facies conditions and continued, enhanced by retrograde strain-
weakening hydration reactions (section 3.2), to semi-brittle conditions.

The Loddefjord Shear Zone, which consists of several anastomosing
branches at the western base of the mountain Lyderhorn (Fig. 3), pro-
vides excellent exposures to study shear zone evolution (Fig. 6). Strain
localization at amphibolite and upper greenschist facies deformation
was facilitated by abundant intrusive contacts in the Mixed Series,
which are associated with strong rheological contrasts. The alteration of
amphibolites into chlorite phyllonites allowed strain localization into
mafic layers at lower metamorphic grades. The deformation zone of the
Loddefjord Shear Zone is of variable thickness, reaching up to 10 m, and
contains fragments of granitic and tonalitic gneiss floating in a matrix of
greenish-grey chlorite phyllonite (Fig. 6A). Linear fabrics are defined by
the preferred orientation of amphiboles in mylonitic amphibolite,
quartz-feldspar rods in granitic gneiss as well as biotite and chlorite in
the phyllonitic matrix and plunge consistently shallowly to the East. In
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Fig. 7. Geochronology sample lithologies and
representative CL images of analyzed zircon
grains. Note the distinct textures of zircons from
granitic (A, D, E), gabbroic (B, C) as well as highly
radioactive leucogranitic samples (A, F), respec-
tively. Analyzed spots (15um diameter) are
shown by red circles together with resulting
single grain Concordia ages. Note that discordant
ages (grey) are not geologically significant. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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addition, quartz-striations on corrugated shallowly E-dipping brittle
fault surfaces show an identical orientation. In sections parallel to the
lineation, asymmetrically sheared granitic clasts, E-vergent folding of
the mylonitic foliation, as well as S-C structures in the phyllonitic
matrix indicate uniformly top-to-E sense of shear (Fig. 6B and C). In
other exposures, ductile flow of the phyllonitic matrix caused breccia-
tion of granitic fragments and created a peculiar-looking fault rock with
strongly rounded clasts, which consist of isolated fold hinges (Fig. 6D).
Kolderup and Kolderup (1940) coined the term ‘tectonic conglomerate’
that has been used to describe similar fault rocks from various parts of
the @ygarden Complex (Johns, 1981; Weiss, 1977).

4. SIMS U-Pb zircon geochronology
4.1. Samples and methods

Seven metaigneous samples were collected from key localities to
represent the previously identified lithological units, as well as different

states of deformation, comprising orthogneisses, gneissic leucogranite,
pegmatite, metagabbro and amphibolite (Table 1; Figs. 3 and 7).

Mineral separation at the University of Bergen followed standard pro-
cedures. Separated zircon grains were handpicked, mounted in epoxy
and polished prior to cathodoluminescence (CL) imaging using a ZEISS
SUPRA 55VP SEM (scanning electron microscope) at the University of
Bergen. U-Pb geochronology was performed using a CAMECA IMS1280
large-geometry ion microprobe at the NordSIMS facility, Stockholm,
following routine procedures outlined by Whitehouse et al. (1999) and
Whitehouse and Kamber (2005): A ca. 6nA, —13kV O, primary beam
(imaged aperture of 150 um corresponding to a spot diameter on the
sample of ca. 15 pm) was used to sputter +10kV secondary ions, which
were admitted to the mass spectrometer and detected in a peak-hopping
sequence using a single ion-counting electron multiplier (EM). The mass
spectrometer was operated at a mass resolution (M/AM) of 5400, suf-
ficient to separate all species of interest from molecular interferences.
Each analysis comprised a 70s pre-sputter to remove the Au coating
and allow the secondary beam to stabilize, centering of the secondary
beam in the field aperture, energy optimization in the 45eV energy
window, mass calibration adjustment using the °°Zr,'°0 peak, and 12
cycles through the species of interest. Groups of analyses were per-
formed in fully automated sequences, regularly interspersing reference
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material analyses with those of the sample zircon grains. Data reduction
utilized an in-house developed suite of software. Pb-isotope ratios were
corrected for common Pb estimated from measured °*Pb assuming the
present-day terrestrial Pb isotope composition calculated with the
model of Stacey and Kramers (1975), except where the 2**Pb count was
statistically insignificant relative to the long-term background on the
EM, in which case no correction was applied. U/Pb ratios were cali-
brated using a Pb/UO-UO,/UO calibration (Jeon and Whitehouse,
2015) from regular measurements of the 1065Ma 91500 zircon
(Wiedenbeck et al., 1995). Age calculations assume the decay constant
recommendations of Steiger and Jager (1977) and utilize the routines of
Isoplot-Ex (Ludwig, 2003). All age uncertainties include uncertainties
on the decay constants as well as propagation of the error on the Pb/
UO-UO,/UO calibration (Jeon and Whitehouse, 2015; Whitehouse
et al., 1997), and are reported at 20 if not further specified. For Con-
cordia ages, the mean square of weighted deviates (MSWD) on com-
bined equivalence and concordance is reported following the re-
commendation of Ludwig (1998). Zircon U-Pb data are presented in
Appendix A: Table S1.

4.2. U-Pb geochronology results

4.2.1. Hornblende biotite granite gneiss (LYD-197-1)

Weakly foliated hornblende biotite granite gneiss was sampled at
the peak of Lyderhorn (Fig. 3) where it is intruded by a subvertical
pinkish pegmatite dike that constitutes sample LYD-197-2 (Fig. 7A).
The rock consists mostly of coarse grained K-feldspar augen surrounded
by a matrix of fine grained, dynamically recrystallized quartz, plagio-
clase and biotite. Large blueish-green hornblende phenocrysts form
mafic clusters together with biotite and rutile. The analyzed zircon
crystals are large (100-300pum), idiomorphic (aspect ratio 3-4),
transparent and show oscillatory zoning in CL images, as is typical for
zircon crystallized from granitic melts (Corfu et al., 2003). Twenty-six
analyses with Th/U ratios typical for magmatic zircon (~0.3) give a
Concordia age of 1041.6 + 2.9 Ma (Fig. 8A) that is interpreted as the
igneous crystallization age of the granitic protolith. One outlier analysis
with a lower age from an U-rich spot was excluded from the age cal-
culation.

4.2.2. Metagabbro (LYD-44-1)

Metagabbro was sampled in a weakly foliated outcrop that is in-
truded by a subvertical granitic pegmatite sheet (Fig. 7B). The main
mineral constituents are blueish-green amphiboles, which have almost
completely replaced primary orthopyroxene, and plagioclase. Minor
components are biotite, commonly altered to chlorite, and titanite as
well as opaque minerals and zircon as accessory phases. Zircon crystals
vary in size (up to 300 um in length) and are subhedral, elongated
(aspect ratios 2-5), colorless and transparent. In CL images, they show
oscillatory zoning with broad zones parallel to the c-axis that are typical
for magmatic zircons from gabbroic melts. Eighteen analyses with Th/U
ratios typical for magmatic zircon (0.6-1.05) give a common Concordia
age of 1041.3 += 3.3Ma (Fig. 8B) that is interpreted as the igneous
crystallization age of the gabbro. One reversely discordant outlier
analysis has been excluded from the age calculation.

4.2.3. Amphibolite (LYD-35-1)

The sampled amphibolite is intruded by subvertical pinkish peg-
matites and contains minor white granitic veins that are concordant
with the foliation (Fig. 7C). The sampled rock consists almost entirely of
hornblende, plagioclase and minor opaque minerals. Aligned amphi-
boles and dynamically recrystallized plagioclase form a pronounced L-
S-fabric. Zircon occurs as a very rare accessory phase and can be di-
vided into two subpopulations: The first consists of fragments of rela-
tively large, subhedral to anhedral crystals that are colorless and show
oscillatory zoning or more complex textures in CL. The second group
consists of smaller brownish metamict grains with rounded corners. The
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comparison with other samples analyzed in this study suggests that the
first subpopulation represents the gabbroic protolith and the latter the
intrusive granitic veins. Zircons from both populations show thin dis-
continuous high-luminescent rims and revealed Th/U-ratios in the ty-
pical range for magmatic zircon. Analyses from the first zircon popu-
lation are mostly concordant and give a Concordia age of
1040 = 11 Ma (Fig. 8C) that is interpreted as the igneous crystal-
lization age of the gabbroic protolith. Metamict zircons from the second
subpopulation revealed high U concentrations and generally discordant
analyses that define a discordia. The upper intercept age of
1024 = 10Ma (Fig. 8C) is interpreted as the crystallization age of the
granitic vein that is probably related to the nearby intrusion of granitic
pegmatites.

4.2.4. Mylonitic granitic gneiss, mixed series (LYD-169-1)

The sample locality exposes all the different lithologies that con-
stitute the mixed series. The sampled mylonitic gneiss has a leuco-
granitic composition and is intruded by granite pegmatites with het-
erogeneous shapes and dimensions. All lithologies in the sampled
outcrop are strongly ductilely deformed and folded around moderately
E-plunging fold axes. The sampled gneiss has a prominent L-S fabric and
consists of finely laminated layers of recrystallized quartz and feldspar
and coarser grained pinkish K-feldspar bands, respectively (Fig. 7D).
Biotite is the only mafic component and is commonly replaced by
chlorite. The analyzed zircons are mostly 100-150 pm in length,
brownish, euhedral or subhedral with stubby crystal shapes (aspect
ratio = 2) and subrounded corners. In CL images, zircon crystals show
oscillatory zoning as well as thin irregular high-luminescent rims. All
analyses revealed high U concentrations (800-2000 ppm) and Th/U-
ratios typical for magmatic rocks (0.6-1.2). Out of eighteen analyzed
grains, four slightly discordant analyses have been excluded to calculate
a Concordia age of 1027.1 = 4.1 Ma (Fig. 8D) that is interpreted as the
igneous crystallization age of the granitic protolith.

4.2.5. Mylonitic granitic gneiss, layered gneisses (LYD-83-1)

The sample locality represents the lower limb of a tight, E-plunging
fold in mylonitic granitic gneiss with a moderately N-dipping axial
surface. Finely laminated layers of recrystallized quartz, feldspar and
biotite alternating with coarse-grained pinkish K-feldspar bands
(Fig. 7E) constitute the gneissic banding. Elongated rods of quartz and
feldspar define an L-S fabric with a shallowly ENE-plunging mineral
stretching lineation. The analyzed zircon crystals are slightly brownish,
mostly around 100 pm in length, euhedral to subhedral and have stubby
shapes (aspect ratio 2-4) with commonly rounded corners. In CL
images, most of the zircons show oscillatory zoning typical for mag-
matic zircons, but also convolute zoning and sector zoning occur. Xe-
nocrystic cores and rims with high U concentrations and diffuse tex-
tures are found, but most of the grains have thin discontinuous high-
luminescent rims. All of the 22 analyzed spots have Th/U ratios be-
tween 0.2-0.4. The oldest and most concordant analyses come from 13
euhedral grains with clear oscillatory zoning and relatively low U
(< 400 ppm), and give a Concordia age of 1506.0 + 4.8 Ma (Fig. 8E)
that is interpreted as the igneous crystallization age of the granitic
protolith. Rims and diffuse textural domains revealed analyses with
high U (400-1600 ppm) that are slightly or strongly discordant and
define a Discordia with a lower intercept age of 482 + 25Ma, inter-
preted to reflect metamictization and partial resetting due to a thermal
event.

4.2.6. Leucogranite (LYD-163-1)

Gneissic leucogranite (LYD-163-1) was sampled from a 20 m wide,
NE-SW-striking, subvertical body that intrudes amphibolite. Inside the
body, textures vary diffusively between pegmatitic and medium-
grained granite. The sampled rock (Fig. 7F) is mostly equigranular,
medium grained and consists of K-feldspar, plagioclase, quartz as well
as minor white mica and biotite, which is mostly altered to chlorite.
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Fig. 8. A-G: Tera-Wasserburg Concordia diagrams of SIMS U-Pb zircon geochronology results. See text for explanation of the age calculations. H: Tera-Wasserburg Concordia diagram of
discordant samples LYD-83-1, LYD-163-1 and LYD-197-2. A common Discordia has been calculated for samples LYD-163-1 and LYD-197-2, which represent the same lithological unit.
Note that the lower intercept ages from different samples are identical with a concordant analysis from the pegmatite (LYD-197-2).

Quartz and feldspar are partially dynamically recrystallized into a weak
L-S-fabric while flame perthites and myrmekites in feldspar appear to
represent preserved magmatic textures. The zircon population consists
of mostly idiomorphic grains of 100-200 pm in length, which are brown
and opaque due to very strong metamictization. Remnants of oscillatory
zoning are visible in CL images and some grains exhibit xenocrystic
cores, but most internal textures have been obliterated by metamicti-
zation. Sixteen analyses of the least metamict grains revealed very high
U concentrations reaching up to 4500 ppm and Th/U ratios typical for
magmatic zircons (0.4-0.7). The resulting ages show a large scatter
along a Discordia line, but a Concordia age of 1024.4 + 6.3 Ma can be
calculated for the most concordant analyses (Fig. 8F) and is interpreted
as the igneous crystallization age of the leucogranite. The discordance
of U-rich analyses reflects episodic Pb-loss due to thermal resetting and
is best constrained by the common lower intercept age of samples LYD-
163-1 and LYD-197-2 at 482 + 14 Ma (Fig. 7H), which represent the
same lithological unit. A single older analysis is discordant and most
likely represents an inherited core.

4.2.7. Pegmatite (LYD-197-2)
Pegmatite was sampled from a 1m-wide, subvertical NE-SW-

striking dyke that intrudes hornblende biotite granite gneiss (sample
LYD-197-1; Fig. 7A). The pegmatite has alkali feldspar granite com-
position and consists mostly of large pinkish K-feldspar, white plagio-
clase, grey quartz and subordinate red garnet. Quartz is dynamically
recrystallized into elongated rods while large feldspar crystals are only
marginally recrystallized and deform mostly by brittle fracturing. The
zircon population is characterized by extreme metamictization and
consists of brown, non-transparent and commonly idiomorphic crystals,
100-200 pm in length. Due to the extreme metamictization, internal
textures are largely obliterated and only eight grains could be analyzed
from a large number of picked zircons. All spots revealed very high U
concentrations between 1000 and 3500 ppm with Th/U ratios below
0.05. The resulting ages have a large scatter but correlate strongly with
U concentrations and define a Discordia line with poorly constrained
intercepts at 1015 = 45Ma and 496 = 20Ma (Fig. 8G). The dis-
cordance pattern with one concordant analysis at 481 + 10 Ma sug-
gests that the strongly metamict grains were partially or completely
reset by a thermal event. The pegmatite sample represents the same
lithological unit as the leucogranite sample LYD-163-1 and both sam-
ples revealed similar zircon populations and resulting ages. Therefore,
we assume that the best constraint on the intrusion age of the pegmatite
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and the age of the thermal resetting is given by the common discordia
line calculated for samples LYD-163-1 and LYD-197-2 together
(Fig. 8H) with intercepts at ca. 1022 Ma and 482 Ma, respectively.

4.2.8. Summary of U-Pb zircon geochronology

The oldest rock found in this study is a layer of granitic gneiss (LYD-
83-1) with an igneous crystallization age of 1506 + 5Ma. The sampled
hornblende biotite granite (LYD-197-1) and metagabbro (LYD-44-1)
revealed within uncertainties identical crystallization ages of
1042 = 3Ma and 1041 = 3Ma, which overlap with the crystal-
lization age of the amphibolite (LYD-35-1) at 1040 = 11 Ma. The
granitic protolith of a mylonitic gneiss (LYD-169-1) crystallized at
1027 * 4Ma. The intrusion age of gneissic leucogranite (LYD-163-1)
is 1024 + 6 Ma and a related leucogranitic pegmatite (LYD-197-2) is
best constrained by a common upper intercept age to ca. 1022 Ma.
Three independent samples (LYD-83-1, LYD-163-1 and LYD-197-2) re-
vealed a partial to complete resetting of strongly metamict zircon at ca.
482 Ma.

5. Discussion of U-Pb zircon geochronology

The U-Pb zircon ages acquired in this study range over more than
1000 Ma from ca. 1506 to 482 Ma. The following discussion will show
that concordant ages represent the Telemarkian, Sveconorwegian and
Caledonian orogenic periods, respectively, but also highlight a major
difference between Proterozoic and Paleozoic orogenesis: Proterozoic
ages in this dataset represent magmatic activity, while the Caledonian
orogeny is only represented by reseting of strongly metamict zircons.

5.1. Magmatic formation history of the eastern @ygarden Complex

The new geochronological data in combination with the results from
detailed field mapping allow us to establish the first precise magmatic
formation history for the eastern @ygarden Complex. Telemarkian
granitoids crystallized at 1506 += 5Ma and have lithological compo-
sitions resembling the Suldal Arc (Roberts et al., 2013). Sveconorwe-
gian magmatism occurred in two distinct phases; contemporary gabbro
and hornblende biotite granite magmatism at ca. 1041 Ma was followed
by leucogranitic magmatism in between 1027 * 4Ma and ca.
1022 Ma, with leucogranitic pegmatites being the latest intrusives.
Field relationships, implying that hornblende biotite granite intruded
the gabbro before the latter was entirely crystallized and the observed
transition from tonalite to hornblende biotite granite imply a genetic
link between gabbroic and granitic magmatism at 1041 Ma. Bimodal
magmatism in the eastern @ygarden Complex resembles pre-Sveco-
norwegian bimodal magmatism in the Telemarkia terrane (Brewer
et al., 2004; Spencer et al., 2014). A late- to post-Sveconorwegian
(990-920 Ma) Hornblende-Biotite Granite suite in southern Norway
might have evolved by extreme magmatic differentiation from mafic
magmas (Auwera et al., 2003; Bogaerts et al., 2003), however, con-
trasting models involve crustal anatexis (c.f. Andersen et al., 2009). In
the eastern @ygarden Complex, 1027-1022 Ma leucogranitic magma-
tism shows a striking contrast in composition to the preceding mag-
matic phase, yet, it is not clear whether this reflects evolved differ-
entiation of the same parent magma or a different magmatic source.

5.2. Correlating the @ygarden Complex with Telemarkia and the Sirdal
magmatic Belt

To constrain the tectonostratigraphic position of the @ygarden
Complex, we compared the ages acquired in this study with the oc-
currence of magmatism in adjacent domains of Baltican basement and
Caledonian nappes of continental origin. The two main events dated at
around 1500 Ma and 1040 Ma (Fig. 9A) represent distinct magmatic
episodes that correspond precisely to the Telemarkian and Sveco-
norwegian orogenic periods. Igneous rocks of these ages occur in
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several of the Sveconorwegian domains of southern Norway, but the
combination of 1500 Ma and 1040 Ma ages has not been reported from
the Caledonian continental nappes (Roffeis and Corfu, 2014). An im-
portant finding of this study is that the @ygarden Complex has a distinct
Precambrian evolution that is different from that of the WGR. The latter
is characterized by Gothian protholiths (1650-1600 Ma) overprinted by
late Sveconorwegian (< 1000 Ma) high-grade metamorphism and as-
sociated intrusives (e.g. Bingen and Solli, 2009; Roffeis and Corfu,
2014; Rohr et al.,, 2013; Skar, 2000; Skar et al., 1994; Skar and
Pedersen, 2003; Tucker et al., 1987). By contrast, the combination of
1500 Ma and 1040 Ma ages clearly correlates the @ygarden Complex
with Telemarkia (Fig. 9A). Furthermore, the newly acquired Sveco-
norwegian crystallization ages show a precise overlap with emplace-
ment ages of the Sirdal Magmatic Belt in southern Norway (Fig. 9B).
Ages of Sirdal Magmatic Belt granites form two clusters around 1050
and 1030 Ma (Coint et al., 2015) which resemble two distinct magmatic
phases recorded in the eastern @ygarden Complex around 1040 Ma and
1027-1022 Ma. Nevertheless, it is interesting to note that 1040 Ma bi-
modal magmatism in the @ygarden Complex falls within a period of
relatively low magmatic activity in the Sirdal Magmatic Belt (Fig. 9B).
Both areas have a number of common features, such as leucogranites
with diffuse textural variations and xenolith-rich zones (Mixed Series in
the eastern @ygarden Complex). Large parts of the Sirdal Magmatic Belt
are virtually undeformed (Slagstad et al., 2013a), in contrast to the
strong deformation that overprinted the eastern @ygarden Complex. Yet
we argue, that the ductile deformation described in this study is entirely
Caledonian (see section 6 for discussion), highlighting the absence of
Sveconorwegian deformation as an important similarity between the
@ygarden Complex and the Sirdal Magmatic Belt. Our results suggest
that the @ygarden Complex is part of the Telemarkia domain of the
autochthonous Baltican basement that has been subject to strong Ca-
ledonian deformation. Based on similar ages and the geographic re-
lationship between the two areas (Fig. 9C), we furthermore propose
that the @ygarden Complex represents a northern, “caledonized” con-
tinuation of the Sirdal Magmatic Belt.

5.3. Implications for Sveconorwegian orogeny in SW Norway and
reconstructions of the pre-Caledonian architecture of the Baltican margin

The newly acquired Sveconorwegian ages from the eastern
@ygarden Complex are very relevant with respect to the lively debate
about the style of the Sveconorwegian orogeny. The contemporaneous
occurrence of gabbroic and granitic magmatism at 1041 Ma found in
this study, is more in accordance with arc-magmatism in an accre-
tionary setting (Slagstad et al., 2013a) than with syn-collisional mag-
matism caused by crustal thickening (Bingen et al., 2008b). Further-
more, we found no record of Sveconorwegian high-grade
metamorphism or deformation in the eastern @ygarden Complex. This
is consistent with interpretations of the Sirdal Magmatic Belt in the
context of an accretionary Sveconorwegian orogen (Coint et al., 2015;
Slagstad et al., 2013a). Based on findings from the Caledonian Hard-
anger-Ryfylke Nappe Complex, Roffeis et al. (2013) argue that Gothian
rocks were thrust on top of Telemarkian rocks around 1000 Ma, but it is
not clear where this tectonism took place and whether it represents
accretion or continental collision. As large parts of the pre-Caledonian
basement in southern Norway remain poorly studied, we believe that
the spatiotemporal evolution of the Sveconorwegian orogeny, which
spans more than 200 m.y. (Bingen et al., 2008b), could be more com-
plex than hitherto resolved by available data. In the light of our results,
however, we favor an accretionary model (Slagstad et al., 2017).
Clockwise rotation and soft collision of Baltica’s southern margin with
Amazonia is an alternative scenario that cannot be ruled out based on
presently available data (Cawood and Pisarevsky, 2017).

Our finding of Telemarkian crust in the @ygarden Complex and its
interpretation as a northern continuation of the Sirdal Magmatic Belt
contradicts the orientation and location of previously proposed terrane
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Fig. 9. A: Comparison of magmatic ages from this study
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boundaries in SW Norway (Fig. 9C). Roffeis et al. (2013) and Roffeis
and Corfu (2014) suggested a ENE-WSW-trending terrane boundary to
explain different ages of the crust in Telemarkia (< 1.52Ga) and the
Gothian crust (1.66-1.52 Ga) in the WGR. In contrast, our interpreta-
tion of a continuous NNW-trend of Sveconorwegian domain boundaries
into the ‘caledonized’ part of the Baltican basement is consistent with
the NW-trending limit of Sveconorwegian overprint in the WGR
(Bingen et al., 2008a) and the general strike of domain boundaries in
the entire Sveconorwegian province (Fig. 9C). The distinction between
@ygarden Complex and WGR found in this study suggests that the
northern branch of the Bergen Arc Shear Zone separates different
crustal domains (Fig. 2). Possibly, this crustal lineament originated
during the Sveconorwegian orogeny and was later reactivated by post-
Caledonian extensional deformation (Wennberg et al., 1998). Even
though we reject the reconstruction of the pre-Caledonian architecture
proposed by Roffeis et al. (2013), we agree that the obvious difference
in crustal formation ages between the WGR and Telemarkia (including
@ygarden Complex) needs to be explained. In our opinion, the relation
between these domains is still an open question with great significance
for the Sveconorwegian crustal assembly of Baltica as well as Caledo-
nian tectonic reconstructions.

5.4. Significance of the early Ordovician (482 Ma) lower intercept age

None of the three samples with discordant zircon data (LYD-83-1,
LYD-163-1 & LYD-197-2) revealed zircon textures that could relate the
lower intercept ages to metamorphic recrystallization. The discordant
analyses are associated with idiomorphic magmatic zircons with very
high U concentrations. In these samples, a strong correlation between U
concentration and resulting age is observed. The most discordant ana-
lyses and youngest ages come from the highly radioactive leucogranite
and pegmatite samples that are the least deformed of the analyzed
samples. The samples that show the strongest state of dynamic

recrystallization at amphibolite and greenschist facies conditions (LYD-
35-1, LYD-83-1 & LYD-169-1) revealed zircons with thin discontinuous
U-poor rims, which were too thin to analyze. Therefore, we interpret
the ca. 482 Ma lower intercept age as a partial to complete resetting of
metamict grains caused by a rapid temperature increase from low
temperatures to above the ‘critical amorphization temperature’ of
~360°C, as demonstrated by diffusion experiments (Cherniak and
Watson, 2003). The intense ductile deformation of the eastern
@ygarden Complex related to a regional amphibolite facies meta-
morphic event might be recorded in the thin U-poor rims, but their age
was not determined. In our geochronological dataset, the early Ordo-
vician (ca. 482 Ma) resetting of strongly metamict zircons is the only
record of the entire Caledonian orogenic cycle. This result seems sur-
prising only at first sight, as it actually reflects the typical behavior of
the U-Pb zircon system with its robustness to high temperatures and
vulnerability to diffusional Pb-loss at low temperatures because of
metamictization (Mezger and Krogstad, 1997). Residence at low tem-
peratures over several hundred million years is necessary for U-rich
grains to accumulate enough metamictization to allow the strong or
complete resetting through Pb-diffusion that is recorded in our dataset
(Cherniak and Watson, 2003). Thus, this part of the Baltoscandian
platform must have been exhumed soon after the Sveconorwegian or-
ogeny and resided at shallow crustal levels through most of the Neo-
proterozoic and early Paleozoic. This thermal history likely reflects the
Cryogenian to Cambrian rift to drift history of Baltica related to the
break-up of Rodinia and the opening of the Iapetus Ocean (Abdelmalak
et al., 2015; Andersen et al., 2012; Gee et al., 2017; Torsvik et al.,
1996). The suggested temperature increase in the @ygarden Complex at
482Ma, on the other hand, falls into the poorly understood early Ca-
ledonian period. Early Ordovician ages of magmatism and meta-
morphism are very common in the Upper Allochthon of the Caledonian
orogenic wedge. They imply considerable tectonic activity in the early
Ordovician in outboard terranes and at the Laurentian margin (e.g.
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Corfu et al.,, 2014; Dunning and Pedersen, 1988; Gee et al., 2013;
Hacker and Gans, 2005; Klonowska et al., 2014; Pedersen et al., 1992;
Pedersen and Dunning, 1997; Root and Corfu, 2012; Slagstad et al.,
2014). In contrast, early Ordovician ages have not yet been reported
from rocks that are clearly part of the autochthonous Baltican base-
ment, as is the case with the eastern @ygarden Complex, although Or-
dovician intrusive rocks are intricately folded into the basement
gneisses of the northern WGR (e.g. Tucker et al., 2004). Recently, Jakob
et al. (2017) presented new evidence for early Ordovician magmatic
activity in the Samnanger mélange, which rests now in the Caledonian
nappe pile above the @ygarden Complex (Fig. 2). These authors inter-
pret the mélange to represent the Pre-Caledonian hyperextended
margin of Baltica and suggest two possible tectonic scenarios for the
early Ordovician: 1. The hyperextended margin formed in the Edia-
caran and experienced latest Cambrian—early Ordovician tectonomag-
matic activity related to shortening of transitional crust. 2. The mélange
formed entirely through latest Cambrian—early Ordovician (back-arc)
extension. In an alternative model, Slama and Pedersen (2015) argue
that the mélange represents an Ordovician arc located in between
Baltica and an outboard microcontinent. Our results cannot confirm or
contradict any of these models. However, they show that Ordovician
tectonothermal activity seems to have affected the proximal domain of
the Baltican margin, as represented by the @ygarden Complex. Fur-
thermore, this thermal event seems to have been strong enough to
anneal metamictization completely, as no Pb-loss occurred during
subsequent Scandian metamorphism.

6. Caledonian tectonic evolution of the eastern @ygarden
Complex

As previously discussed (section 5.1), U-Pb zircon geochronology
could not constrain the timing of the ductile reworking of the eastern
@ygarden Complex. In the context of regional geologic models, how-
ever, this deformation must have occurred during the Caledonian oro-
genic cycle (e.g. Fossen and Dunlap, 1998; Johns, 1981; Rykkelid and
Fossen, 1992). Structural analysis showed a geometric relationship
between all fabrics and structures with consistent fabric orientations
indifferent of metamorphic grade, including widespread low-grade
deformation. We have not identified distinct fabrics that could re-
present a Precambrian deformation history. Previous thermo-
chronological studies in the western @ygarden Complex found early
Devonian ages for amphibolite facies metamorphism and subsequent
cooling to the brittle-ductile transition (Boundy et al., 1996; Fossen and
Dunlap, 1998; Larsen et al., 2003). These ages represent the best
available constraints on the timing of ductile reworking in the eastern
@ygarden Complex, as they correspond well to the metamorphic se-
quence found in this study. Yet, the absence of top-to-W kinematics and
the abundance of ductile-to-brittle top-to-E low-angle shear zones with
intensive low-grade deformation in the eastern @ygarden Complex re-
quire further discussion. There are two plausible scenarios that could
explain the absence of top-to-W deformation: (I) the eastern @ygarden
Complex and the basal contact of the nappes comprise a large tectonic
lens that escaped post-orogenic top-to-W shearing and preserves Scan-
dian contractional deformation. (II) At least to some degree, the top-to-
E deformation in the eastern @ygarden Complex is also extensional
(post-orogenic). As extensional top-to-W shearing affected structurally
lower levels, the latter case would imply bi-directional extension in the
@ygarden Complex.

Since precise thermochronological constraints on the age of the
deformation are lacking, it is difficult to distinguish between contrac-
tional and extensional deformation. However, the ENE-plunge of linear
fabrics in the eastern @ygarden Complex, is slightly oblique to the re-
gional direction of Scandian thrusting (e.g. Fossen, 2000). Furthermore,
the occurrence of constrictional fabrics as well as the abundance of
lineation-parallel folds seem to be structurally better compatible with a
Devonian transtensional system (Fossen et al., 2013; Krabbendam and
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Dewey, 1998; Osmundsen and Andersen, 2001) than with Scandian
thrusting. More importantly, however, the progressive overprinting of
brittle structures on previously ductile fabrics in low-angle shear zones
with top-to-E kinematics, such as the Loddefjord shear zone, records
exhumation during shearing. The phyllonites that formed in these shear
zones are comparable to similar fault rocks in the Nordfjord Sogn de-
tachment zone and have arguably an extraordinarily low shear strength
(Braathen et al., 2004). If one assumes that these phyllonitic top-to-E
fabrics formed during Scandian thrusting, they should have become
overprinted by the intense extensional top-to-W deformation that
overprinted gneisses with similar fabric orientation nearby (Rykkelid
and Fossen, 1992). This implies that the phyllonitic top-to-E shear zones
presumably formed during post-orogenic extension. Based on the
identical orientation of amphibolite and upper greenschist facies fabrics
it cannot be ruled out that also higher-grade mylonitic top-to-E de-
formation could have been extensional. Comparing the structure of the
@ygarden Complex with similar basement windows in the central
Norwegian Caledonides (Braathen et al., 2000; Osmundsen et al.,
2005), we speculate that the @ygarden Complex could represent an
early Devonian core complex. We believe that such a model could ex-
plain the occurrence of opposed shear-senses within the mylonitic fo-
liation, constrictional fabrics with lineation parallel folds as well as low-
angle normal-sense shear zones recording fluid-related strain weak-
ening facilitating deformation at the brittle-ductile transition (Whitney
et al., 2013).

7. Summary and conclusions

The evolution of continental crust in the eastern @ygarden Complex
through three distinct orogenic periods as well as intermittent episodes
of extension and tectonic quiescence is summarized in Fig. 10.

e The eastern @ygarden Complex consists of Telemarkian
(1506 + 5Ma) granitic basement that was intruded by voluminous
Sveconorwegian melts. These Grenville-age rocks formed through
two distinct magmatic events: Bimodal gabbro and hornblende
biotite granite magmatism at ca. 1041 Ma was followed by leuco-
granitic magmatism at ca. 1027-1022 Ma.

The Precambrian evolution of the @ygarden Complex is distinct
from that of the WGR. The @ygarden Complex rather represents a
part of Telemarkia and a northern continuation of the Sirdal
Magmatic Belt, but with a strong Caledonian overprint. Our results
contradict previously proposed terrane boundaries (Roffeis and
Corfu, 2014; Roffeis et al., 2013) separating Gothian and Tele-
markian crust.

Careful ion microprobe dating did not reveal any record of
Sveconorwegian tectono-metamorphism in the eastern @ygarden
Complex. In accordance with the undeformed Sirdal Magmatic Belt
further south, our results support an accretionary Sveconorwegian
orogen (e.g. Slagstad et al., 2013a), rather than involvement in a
major continent-continent collision in the period 1040-1020 Ma.
Resetting of strongly metamict zircons at ca. 482 Ma indicates an
early Ordovician thermal event, reflecting either extension of the
Baltican margin or early Caledonian convergence. Scandian regional
metamorphism left no measurable record in the U-Pb zircon system.
Caledonian ductile reworking involved east-directed shearing and
recumbent lineation-parallel folding, followed by the formation of
ductile-to-brittle top-to-E shear zones. Whether these E-directed
fabrics/structures relate to Caledonian thrusting or post-Caledonian
extension needs to be resolved by careful thermochronological
dating. However, based on field observations, we currently favor an
extensional origin related to the exhumation of the @ygarden
Complex, possibly as an early Devonian core complex.
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Fig. 10. Cartoon illustrating the geologic evolution of the eastern @ygarden Complex from the Mesoproterozoic to the early Devonian. Note that the colors correspond to the map units in
Fig. 3. A, B are modified from (Roberts and Slagstad (2015)). D is based on (Andersen et al., 2012). E, F are modified from Fossen et al. (2017).
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Appendix

Table S1. SIMS U-Pb zircon data

Sample ID Int." Concentration (ppm) Total (uncorrected) ratio

Radiogenic (corrected) ratio”

Calculated age (Ma)

3

U Th Pb ThWU? 2Pb/ fh° 2 Pb/ #6 *Pb/ 6 2pp/ 6 2pp/ 6 Pb/ 6 "pp/ 6 Conc
ZlMPb (%) ZSSU (%) ZOGPb (%) ZBHU (%) ZOGPb (%) Zo(ypb 238U (%)
LYD-197-1: Hornblende biotite granite gneiss; 5°14'30,7"E, 60°22'24,9"N
n5416-01 1 230 76 47 0.33 252462 {0.01} 0.1747 0.83 0.07330 0.72 0.1747 0.83 0.07330 0.72 1022 14 1038 8 102
n5416-02 1 209 69 43 0.33 44154 {0.04} 0.1747 0.82 0.07280 0.75 0.1747 0.82 0.07280 0.75 1008 15 1038 8 103
n5416-03 1 150 61 31 0.41 62481 {0.03} 0.1740 0.88 0.07413 0.88 0.1740 0.88 0.07413 0.88 1045 18 1034 8 99
n5416-04 1 570 80 110 0.14 79916 0.02 0.1725 0.77 0.07435 0.64 0.1724 0.77 0.07417 0.64 1046 13 1026 7 98
n5416-05 1 151 47 31 0.31 38875 {0.05} 0.1744 0.83 0.07393 0.84 0.1744 0.83 0.07393 0.84 1039 17 1036 8 100
n5416-06 I 185 72 39 039 70701 {0.03} 0.1763 0.82 0.07347 0.72 0.1763 0.82 0.07347 0.72 1027 14 1047 8 102
n5416-07 1 170 55 35  0.33 92407 {0.02} 0.1759 0.86 0.07468 0.97 0.1759 0.86 0.07468 0.97 1060 19 1044 8 98
n5416-08 1 152 48 31 0.31 60603 {0.03} 0.1766 0.83 0.07463 0.79 0.1766 0.83 0.07463 0.79 1058 16 1048 8 99
n5416-09-1 1 195 62 40 0.32 58907 {0.03} 0.1750 0.83 0.07419 0.70 0.1750 0.83 0.07419 0.70 1047 14 1039 8 99
n5416-09-2 P 1399 43 256 0.03 64916 0.03 0.1688 0.76 0.07287 0.27 0.1688 0.76 0.07265 0.27 1004 5 1005 7 100
n5416-10 1 279 120 59 043 114366 {0.02} 0.1766 0.81 0.07413 0.58 0.1766 0.81 0.07413 0.58 1045 12 1048 8 100
n5416-11 I 206 60 42 0.29 150254 {0.01} 0.1759 0.80 0.07323 0.68 0.1759 0.80 0.07323 0.68 1020 14 1044 8 103
n5416-12 1 121 35 25  0.29 65275 {0.03} 0.1756 0.87 0.07542 0.89 0.1756 0.87 0.07542 0.89 1080 18 1043 8 96
n5416-13 1 211 68 43 0.32 28987 0.06 0.1760 0.80 0.07366 0.93 0.1759 0.80 0.07316 096 1019 19 1044 8 103
n5416-14 1 114 71 25 0.62 22520 {0.08} 0.1763 0.87 0.07256 1.04 0.1763 0.87 0.07256 1.04 1002 21 1047 8 105
n5416-15 1 194 70 41 0.36 226435 {0.01} 0.1760 0.80 0.07374 0.70 0.1760 0.80 0.07374 0.70 1034 14 1045 8 101
n5416-16 I 179 57 37 0.32 89744 {0.02} 0.1758 0.82 0.07394 0.76 0.1758 0.82 0.07394 0.76 1040 15 1044 8 100
n5416-17 1 360 113 73 031 110278 {0.02} 0.1743 0.78 0.07362 0.52 0.1743 0.78 0.07362 0.52 1031 10 1036 7 100
n5416-18-1 1 195 94 42 0.48 141587 {0.01} 0.1767 0.81 0.07449 0.68 0.1767 0.81 0.07449 0.68 1055 14 1049 8 99
n5416-18-2 1 413 121 85 0.29 56551 0.03 0.1760 0.78 0.07351 0.56 0.1759 0.78 0.07325 0.57 1021 12 1045 7 102
n5416-19-1 1 158 50 32 032 61678 {0.03} 0.1748 0.82 0.07361 0.87 0.1748 0.82 0.07361 0.87 1031 17 1039 8 101
n5416-19-2 1 100 41 21 041 33246 {0.06} 0.1759 0.91 0.07456 0.95 0.1759 091 0.07456 0.95 1057 19 1045 9 929
n5416-20 I 185 60 38 0.33 41137 {0.05} 0.1765 0.85 0.07501 0.71 0.1765 0.85 0.07501 0.71 1069 14 1048 8 98
n5416-21 1 194 65 40 0.33 45732 {0.04} 0.1768 0.82 0.07366 0.68 0.1768 0.82 0.07366 0.68 1032 14 1050 8 102
n5416-22 1 153 38 31 0.25 218947 {0.01} 0.1760 0.83 0.07499 0.77 0.1760 0.83 0.07499 0.77 1068 15 1045 8 98
n5416-23 1 141 49 29 035 23517 {0.08} 0.1750 0.85 0.07419 0.80 0.1750 0.85 0.07419 0.80 1047 16 1040 8 99
n5416-24 I 186 43 37 023 25209 0.07 0.1754 0.84 0.07416 0.70 0.1752 0.84 0.07360 0.74 1030 15 1041 8 101
LYD-44-1: Metagabbro; 5°14'20.9"E, 60°22'31,9"N
n5417-01 1 210 213 sl 1.01 56358 {0.03} 0.1758 0.81 0.07447 0.66 0.1758 0.81 0.07447 0.66 1054 13 1044 8 99
n5417-02 1 174 138 40 0.79 14339 0.13 0.1741 0.81 0.07457 0.72 0.1739 0.81 0.07358 0.83 1030 17 1034 8 100
n5417-03 1 169 101 37 0.60 >le6 {0.00} 0.1748 0.81 0.07464 0.72 0.1748 0.81 0.07464 0.72 1059 14 1039 8 98
n5417-04 1 138 68 29 049 >le6 {0.00} 0.1735 0.93 0.07521 1.05 0.1735 0.93 0.07521 1.05 1074 21 1031 9 96
n5417-05 1 196 126 44 0.64 35219 0.05 0.1767 0.80 0.07335 0.68 0.1766 0.80 0.07294 0.70 1012 14 1048 8 104
n5417-06 1 167 121 38 0.72 235159 {0.01} 0.1764 0.85 0.07379 0.74 0.1764 0.85 0.07379 0.74 1036 15 1048 8 101
n5417-07 1 210 195 50  0.93 299077 {0.01} 0.1758 0.83 0.07440 0.92 0.1758 0.83 0.07440 0.92 1052 18 1044 8 99
n5417-08 1 290 233 66 0.80 76252 {0.02} 0.1732 0.78 0.07362 0.56 0.1732 0.78 0.07362 0.56 1031 11 1030 7 100
n5417-09 1 186 172 45 0.92 >le6 {0.00} 0.1753 0.80 0.07410 0.70 0.1753 0.80 0.07410 0.70 1044 14 1041 8 100
n5417-10 1 291 265 70 091 90980 {0.02} 0.1762 0.77 0.07374 0.57 0.1762 0.77 0.07374 0.57 1034 11 1046 7 101
n5417-11 1 216 194 52 0.90 169740 {0.01} 0.1767 0.79 0.07444 0.64 0.1767 0.79 0.07444 0.64 1054 13 1049 8 100
n5417-12 1 296 240 69  0.81 236995 {0.01} 0.1759 0.78 0.07381 0.56 0.1759 0.78 0.07381 0.56 1036 11 1044 8 101
n5417-13 1 324 266 76  0.82 255534 {0.01} 0.1762 0.80 0.07357 0.56 0.1762 0.80 0.07357 0.56 1030 11 1046 8 102
n5417-14 1 150 116 35 0.77 59648 {0.03} 0.1752 0.83 0.07434 0.78 0.1752 0.83 0.07434 0.78 1051 16 1041 8 99
n5417-16 1 194 191 47 098 39704 {0.05} 0.1759 0.84 0.07354 0.69 0.1759 0.84 0.07354 0.69 1029 14 1045 8 102
n5417-15 1 293 274 71 0.94 151879 {0.01} 0.1769 0.78 0.07375 0.56 0.1769 0.78 0.07375 0.56 1035 11 1050 8 102
n5417-17 1 463 603 125 1.30 222877 {0.01} 0.1830 0.97 0.07269 0.43 0.1830 0.97 0.07269 0.43 1005 9 1083 10 108
n5417-18 1 367 381 90 1.04 28581 0.07 0.1747 0.81 0.07451 0.51 0.1746 0.81 0.07401 0.54 1042 11 1037 8 100
n5417-19 1 184 109 40 0.59 >le6 {0.00} 0.1747 0.82 0.07346 0.73 0.1747 0.82 0.07346 0.73 1027 15 1038 8 101




LYD-169-1: Mylonitic granitic gneiss: 5°14'18.8"E, 60°21'37,5"N
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LYD-35-1: Amphibolite; 5°13'53,6"E, 60°22'37.7"N
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LYD-163-1: Gneissic Leucogranite; 5°14'58.5"E, 60°22'4,5"N
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LYD-197-2: Leucogranitic pegmatite; 5°14'30.7"E, 60°22'24,9"N.

n5421-01
n5421-06
n5421-07
n5421-08
n5421-09
n5421-10
n5421-11

D
P
D
D
X
1
1
D
D
D
D
1
1
D
D
D
P
1
I

Ogowoouourw

1653
1390
1932
3649
1133
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324
352
223
216
428
406
542
213

75
352

0.45
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LYD-83-1: Mylonitic granitic gneiss; 5°15'35,7"E, 60°23'14,5"N

n5422-01 1 353 153 114 043 26120 {0.07} 0.2634 1.10 0.09390 0.40 0.2634 1.10 0.09390 0.40 1506 & 1507 15 100
n5422-02 1 390 102 121  0.26 31434 {0.06} 0.2652 1.10 0.09357 0.42 0.2652 1.10 0.09357 042 1499 8 1516 15 101
n5422-03 P 399 84 115 021 2748  0.68 0.2540 1.11 0.09758 0.38 0.2522 1.1l 0.09252 0.51 1478 10 1450 14 98
n5422-04 D 1235 208 160 0.17 2842 0.66 0.1172 1.21 0.07960 0.34 0.1165 1.21 0.07459 0.49 1058 10 710 8 65
n5422-05 1 288 79 89 027 22897 {0.08} 0.2641 1.11 0.09374 0.45 02641 1.11 0.09374 045 1503 8 1511 15 101
n5422-06 1 362 94 112 026 29567 {0.06} 0.2642 1.11 0.09339 0.40 0.2642 1.11 0.09339 040 1496 & 1511 15 101
n5422-07-1 1 337 91 105 0.27 59510 {0.03} 0.2644 1.11 0.09313 0.41 0.2644 1.11 0.09313 041 1491 & 1512 15 102
n5422-07-2 D 1627 570 314 035 4431 042 0.1645 1.07 0.08651 0.29 0.1638 1.07 0.08333 039 1277 8 978 10 75
n5422-08 P 463 74 132 0.16 14049 0.13 0.2530 1.09 0.09275 0.46 02526 1.09 0.09176 048 1462 9 1452 14 99
n5422-09 1 329 88 102 0.27 43302 {0.04} 0.2649 1.10 0.09362 0.41 0.2649 1.10 0.09362 0.41 1500 8 1515 15 101
n5422-10 I 293 8 92 029 61632 {0.03} 0.2655 1.11 0.09425 0.47 02655 1.11 0.09425 047 1513 9 1518 15 100
n5422-11 1 303 139 99 046 93427 {0.02} 0.2657 1.13 0.09404 0.43 0.2657 1.13 0.09404 043 1509 & 1519 15 101
n5422-12 D 923 160 220 0.17 6919 027 0.2094 1.09 0.09122 0.30 0.2088 1.09 0.08921 0.34 1409 7 1223 12 86
n5422-13 1 390 109 123 0.28 49562 {0.04} 0.2673 1.10 0.09377 0.44 0.2673 1.10 0.09377 044 1503 & 1527 15 102
n5422-14 1 272 67 84  0.25 128049 {0.01} 0.2660 1.11 0.09369 0.44 02660 1.11 0.09369 0.44 1502 & 1520 15 101
n5422-15 P 635 120 194  0.19 46118 {0.04} 0.2658 1.10 0.09262 0.30 0.2658 1.10 0.09262 0.30 1480 6 1519 15 103
n5422-16 P 880 217 253  0.25 14028 0.13 0.2474 1.10 0.09343 0.26 0.2471 1.10 0.09244 028 1477 5 1424 14 96
n5422-17 P 944 330 279 035 7439 025 0.2493 1.08 0.09346 0.25 0.2487 1.08 0.09159 0.29 1459 5 1432 14 98
n5422-18 1 495 127 154 026 58774 {0.03} 0.2651 1.09 0.09325 0.35 0.2651 1.09 0.09325 035 1493 7 1516 15 102
n5422-19 1 241 93 77 039 87625 {0.02} 0.2645 1.11 0.09372 0.45 02645 1.11 0.09372 045 1502 9 1513 15 101
n5422-20 1 309 61 94 020 26301 {0.07} 0.2645 1.10 0.09362 0.41 0.2645 1.10 0.09362 0.41 1500 8 1513 15 101
n5422-21 P 535 63 159 0.12 8284 023 0.2650 1.13 0.09362 0.31 0.2644 1.13 0.09194 040 1466 8 1512 15 104
Notes:

(1) Interpretation of ages: I = magmatic; P = concordant but interpreted to have undergone radiogenic-Pb loss;

(2) Based on measured Th and U signals.

(3) f 206 is the percentage of common Pb estimated from 204Pb counts; in brackets where these are insignificant;
(4) Ratios after subtraction of common Pb (if detected)

D = outside discordance threshold or age information regarded as geologically meaningless; X = xenocryst/inheritance
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Abstract Viscous crustal flow can exhume once deeply buried rocks in postorogenic metamorphic core
complexes (MCCs). While migmatite domes record the flow dynamics of anatectic crust, the mechanics
and kinematics of solid-state flow in the deep crust are poorly constrained. To address this issue, we
studied a deeply eroded and particularly well-exposed MCC in the southern Western Gneiss Region of
Norway. The Gulen MCC formed during Devonian transtensional collapse of the Caledonian orogeny in
the footwall of the Nordfjord-Sogn detachment zone. We developed a semiquantitative mapping scheme for
ductile strain to constrain micro- to megascale processes, which brought eclogite-bearing crust from the
orogenic root into direct contact with Devonian supradetachment basins. The Gulen MCC comprises
different structural levels with distinct metamorphic evolutions. In the high-grade core, amphibolite-facies
structures record fluid-controlled eclogite retrogression and coaxial flow involving vast
extension-perpendicular shortening. Detachment mylonites formed during ductile-to-brittle noncoaxial
deformation and wrap around the core. We present a sequential 3-D reconstruction of MCC formation. In
the detachment zone, the combined effects of simple shearing, incision/excision, and erosion thinned the
upper crust. Internal necking of the ductile crust was compensated by extension-perpendicular

shortening within the deep crust and resulted in differential folding of distinct crustal levels. We identify this
differential folding as the main mechanism that can redistribute material within solid-state MCCs. Our
interpretation suggests a continuum of processes from migmatite-cored to solid-state MCCs and has
implications for postorogenic exhumation of (ultra-)high-pressure rocks.

Plain Language Summary The Earth’s crust has different layers with contrasting mechanics.
Rocks in the upper crust tend to break, while higher temperatures at depth make rocks flow, although
very slowly. This contrast is important when continents collide forming mountain belts but also when plates
drift apart and mountain ranges collapse. In SW Norway, hundreds of million years of erosion have
exposed rocks that once were deep below a large mountain range (the Caledonides). Today, glacier-polished
fjords reveal large dome structures that formed when the Caledonides collapsed. Inside such a dome, we find
rocks originating from different levels of the crust. Rocks and structures in the core formed at high
pressures and temperatures. Wrapped around, we find rocks that deformed while they cooled down, became
more resistant to flow, and finally broke apart. Above the dome, we find remnants of the upper crust, which
was broken up by faults, eroded, and deposited in sedimentary basins. We reconstruct how mechanical
contrasts between crustal layers brought rocks from the root of the mountain belt in contact with sediments
deposited at the surface. Understanding this process is important, because it can entirely transform the crust
within a—geologically speaking—short period of time.

1. Introduction

Postorogenic metamorphic core complexes (MCCs) show that the crust reequilibrates after orogeny and an
entirely new crustal template may be created (e.g., Brun et al., 2017 ; Buck, 1991 ; Coney, 1980 ; Osmundsen
et al., 2005 ; Platt et al., 2015 ; Vanderhaeghe & Teyssier, 2001 ; Whitney et al., 2013). Since the classic paper
by Block and Royden (1990), it seems widely accepted that MCCs form by viscous crustal flow as a mode of
isostatic compensation in response to upper crustal thinning by extensional faulting. Block and Royden
[1990] elegantly explain geophysical observations made around MCCs, suggesting that the flow of lower
crustal material forms a dome, while the Moho remains flat. Yet, what is the actual mechanism of this
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Figure 1. Overview of the study area. (a) Geologic map of the Western Gneiss Region. Ultrahigh-pressure domains after Hacker et al. (2010). Eclogite localities from
Andersen et al. (1994), Krabbendam and Dewey (1998), Hacker et al. (2003), Hacker et al. (2010), and Hacker et al. (2015) and weakly deformed Baltic Shield
basement (BSB) domain after Milnes et al. (1997). Structures of the extensional detachment system are shown in green. The location of cross sections in B is
indicated, and the study area is marked by a rectangle. Abbreviations: BASZ = Bergen Arcs shear zone; MTFC = More-Trondelag fault complex; NSDZ = Nordfjord-
Sogn detachment zone. (b) Schematic cross sections of the WGR. A-A’ redrawn from Milnes et al. (1997). B-B’ based on Johnston, Hacker, and Ducea (2007b)
and modified after Krabbendam and Dewey (1998), Braathen and Erambert (2014), this study and interpretation of regional structural data. (c) Satellite image of the
Gulen MCC in between the Solund and Fensfjorden Devonian basins. Numerous islands in the western part of the area provide continuous and excellently exposed
natural cross sections in E-W and N-S direction. Image from Google Earth.

flow that supposedly redistributes material within the deep crust? For hot lithospheres, it has been suggested
that mid- to lower crustal channels of partially molten low-viscosity crust can form (e.g., Rey et al., 2009 ; Rey
et al., 2011 ; Whitney et al., 2013). However, there are many examples of MCCs, including classical
Cordilleran MCCs, where high-strain rocks are in solid state and no such channels are observed (e.g.,
Cooper et al., 2017; Platt et al., 2015). Further complexity arises if we consider MCCs as three-dimensional
structures. In settings that involve a 3-D component of strain, like transtension, 3-D numerical
experiments show extension-perpendicular flow of material (Le Pourhiet et al., 2012; Rey et al., 2017)
instead of extension-parallel flow as it is commonly shown in schematic cross sections of MCCs.
Therefore, we need detailed constraints on the internal architecture of deeply eroded MCCs that can help
us to unravel the 3-D kinematics and mechanisms of postorogenic crustal flow.

The Western Gneiss Region (WGR) of the SW Scandinavian Caledonides (Figure 1) is an excellent place to
do this. It represents the deeply eroded core of a Silurian continent-continent collision orogen where large
parts of the crust were turned around during Devonian postorogenic transtension (e.g., Krabbendam &
Dewey, 1998). Material metamorphosed in the orogenic root at high- or even ultrahigh-pressure
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conditions was brought back to the surface in the time it took to deposit Devonian supradetachment basins
(e.g., Eide et al., 2005; Templeton, 2015). The processes responsible for this crustal revolution are recorded in
MCCs in the footwall of large-magnitude extensional detachments along the western coast of southern
Norway (Figure 1b). The Gulen MCC, which is the southernmost of these structures, offers particular expo-
sure conditions. Numerous islands with an orthogonal set of ideally oriented coastlines provide almost con-
tinuous high-quality exposures, which can be easily accessed by boat (Figure 1c). In this study, we provide a
detailed look inside the anatomy of a particularly well-exposed postorogenic MCC in order to understand the
viscous flow of the crust during transtension. We approach this issue from the micro- to the megascale to
constrain the timing, quantity, and kinematics of ductile strain as well as the metamorphic conditions
and deformation processes.

2. Geologic Setting

The WGR of southern Norway comprises Mesoproterozoic crust of the Baltic Shield that was subducted
below Laurentia during Caledonian orogeny. The pre-Caledonian configuration of this part of the Baltic
Shield was largely formed through the 1.2-0.9 Ga Sveconorwegian orogeny, involving widespread magma-
tism and migmatization (e.g., Bingen et al., 2005; Coint et al., 2015 ; Engvik et al., 2000 ; Kylander-Clark &
Hacker, 2014 ; Rohr et al., 2004 ; Slagstad et al., 2018 ; Wiest et al., 2018).

NW-directed Caledonian subduction of the Baltican margin is reflected by increasing peak metamorphic
conditions and deformation of Baltic Shield basement from SE to NW (e.g., Griffin & Brueckner, 1980;
Hacker et al., 2010). Deep burial of the Baltican crust is witnessed by the widespread occurrence of high-
pressure eclogites and externally derived mantle rocks, which have been inserted in the subducted continen-
tal crust from the overlying mantle wedge (e.g., Brueckner, 2018). Ultrahigh-pressure conditions are
recorded in three distinct domains in the NW portion of the WGR (e.g., Cuthbert et al., 2000; Hacker
et al.,, 2010 ; Root et al., 2005). Eclogite ages, which reflect subduction and peak metamorphism, range
mostly from 430 to 395 Ma. They overlap in part with U-Pb zircon ages from granitic leucosomes (405-
390 Ma; see compilation by Kylander-Clark & Hacker, 2014). Partial melting and local ultrahigh-
temperature metamorphism occurred during high-temperature equilibration (e.g., Engvik et al., 2018;
Ganzhorn et al., 2014; Gordon et al., 2013; Kylander-Clark & Hacker, 2014; Labrousse et al., 2011). Yet, it
remains controversial to what extent melting initiated at ultrahigh-pressure conditions (e.g., Kohn et al.,
2015) and whether pressure estimates reflect other processes than burial only (e.g., Vrijmoed et al., 2009).
Amphibolite-facies reworking and exhumation of the WGR are dated by U-Pb monazite (410-390 Ma;
Hacker et al., 2015; Holder et al., 2015), U-Pb titanite (405-385 Ma; Kylander-Clark et al., 2008; Spencer
et al., 2013), U-Pb rutile (400-375 Ma; Butler et al., 2018; Cutts et al., 2019), and Ar-Ar white mica ages
(405-375 Ma; Chauvet & Dallmeyer, 1992; Walsh et al., 2007; Young et al., 2011; Walsh et al., 2013).
These ages show regional trends with younger ages toward the NW and imply progressive SE to NW unroof-
ing of the WGR between 400 and 375 Ma.

Exhumation models of the WGR commonly involve two stages. The first stage is seen either as postorogenic
eduction of the continental slab (Andersen et al., 1991; Fossen, 1992), gravity-driven ductile rebound of the
orogenic root (Milnes et al., 1997; Milnes & Koyi, 2000), or flexural rebound and flattening of the slab (Cutts
etal., 2019). A second phase comprising transtensional collapse of the overthickened crust and the formation
of large-magnitude detachments is widely accepted (e.g., Butler et al., 2015; Fossen, 2010; Krabbendam &
Dewey, 1998). Indeed, most structures in the WGR, from supradetachment basins to the ultrahigh-pressure
domains, follow the trend of sinistral transtension (Dewey, 2002; Fossen et al., 2013; Krabbendam & Dewey,
1998; Osmundsen & Andersen, 2001). The felsic gneisses of the WGR were pervasively deformed during
amphibolite-facies coaxial shear deformation with increasing intensity from E to W (Andersen et al., 1994;
Hacker et al., 2010; Milnes et al., 1997). The gneisses are folded into tight, kilometer- to centimeter-scale,
extension-parallel upright folds (Chauvet & Seranne, 1994). Large-magnitude, ductile-to-brittle detachments
juxtapose the coaxially stretched, eclogite-bearing crust of the WGR with remnants of Caledonian alloch-
thons and Devonian supradetachment basins (Andersen et al., 1994; Krabbendam & Dewey, 1998;
Osmundsen & Andersen, 2001; Braathen et al., 2004; Johnston et al., 2007a; Johnston et al., 2007b).

The most important Devonian structure in SW Norway, the Nordfjord-Sogn detachment zone (NSDZ), is
strongly undulating around E-W axes. Scoop-shaped Devonian basins occupy synformal positions, while
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Kinematics

Figure 2. Schematic illustration of the DISK scheme for semiquantitative
description of ductile deformation. The four parameters can be recorded as
alphanumeric values, using mobile field mapping devices. See text for

explanation of the parameters.

(Wiest et al., 2019) and U-Pb zircon and monazite ages of local occur-
rences of granulite-facies rocks (Rehr et al., 2004). The area hosts the
southernmost exposures of Caledonian eclogite in the Baltic Shield base-
ment (Winsvold, 1996). Peak metamorphic conditions of the nearby
Lavik eclogites have been constrained to 700°C, 2.3 GPa (Hacker et al.,
2003). Previously published Ar-Ar ages group narrowly around 394 Ma (Boundy et al., 1996; Chauvet &
Dallmeyer, 1992; Walsh et al., 2013), and Hacker et al. (2003) suggested rapid exhumation of the eclogite-
bearing WGR along the southern segment of the NSDZ.

3. Semiquantitative Mapping of Ductile Strain

In order to reveal strain variations across a large area, we developed a scheme for the systematic description
of ductile strain in outcrops, considering four main parameters: distribution, intensity, shape of the strain
ellipsoid, and kinematics (Figure 2). The acronym DISK makes it easy to remember the parameters, which
can be easily recorded in a numeric scheme for each visited locality. With the help of mobile mapping
devices (e.g., Midland Valley Field Move Clino™), a large number of data points can be efficiently collected
and exported to GIS software for data analysis and visualization.

The first parameter in the DISK scheme describes whether the deformation is localized, intermediate, or per-
vasive on the scale of 1-10 m. The intensity of the strain is recorded in five steps (very weak —very strong)
plus an additional value for undeformed rocks. It should be noted that the intensity of the strain refers to
the deformed portion of the outcrop, and hence, this parameter needs to be read together with the distribu-
tion parameter. For example, an outcrop with pervasive strong deformation records more bulk strain than
an outcrop with localized strong deformation. The shape of the strain ellipsoid follows the common classi-
fication from L-tectonites to S-tectonites. Our classification includes coaxial deformation and noncoaxial
deformation. Because shear sense indicators are sometimes ambiguous, this parameter can be furthermore
improved by additionally recording the certainty of the observation with a second parameter (e.g., uncertain;
certain; very certain).

3.1. Dataset Presentation

The collection of data presented in this study is prepared for use in GIS software and can be accessed online
(https://doi.org/10.6084/m9.figshare.c.4697006.v1). Our field data comprise 36 eclogite localities, 1264 struc-
tural measurements, and 216 structural data that have been digitized from Winsvold (1996). Around 190
localities have been classified with the DISK scheme, and in addition we present more than 400 georefer-
enced and commented field photos. The trace of the foliation has been interpreted from structural measure-
ments and high-resolution orthophotos. The same accounts for the boundaries of mapped units. Our field
results are presented in a newly compiled geological map and accompanying cross sections (Figure 3). In
addition, we present the results from DISK mapping in Figure 4 with symbols for each parameter overlaying
the map.
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Bergen Arcs shear zone;

arching structure of the MCC can be described as an open, south-verging antiform (Figure 3, cross

Our newly compiled geologic map and cross sections of the Gulen MCC are shown in Figure 3. The over-

4. Structural Architecture of the Gulen MCC

Figure 3. Newly compiled geologic map and cross sections of the Gulen area based on recent field mapping,

Helliksen (1997); Wennberg et al. (1998); Rohr et al. (2004). Abbreviations: BASZ
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Figure 4. Distinguishing Precambrian protoliths from Caledonian shear zone rocks (a-c) and field occurrence of Caledonian eclogites (d and e). (a) Precambrian
granodiorite intruded by granitic dykes. Weak Caledonian shear strain is localized at the dyke margins where they are preferentially oriented (red arrow). In case of
less-suited orientations, the foliation transects the dyke (blue arrow). Ruler for scale. (b) Coarse-grained Precambrian migmatite (left side) is transformed into
Caledonian banded gneiss in a meter-scale shear zone. The thin amphibolite layers represented originally mafic boudins in migmatite. Same locality as (a). Ruler is
40 cm. (c) Localized coaxial shear zone in Precambrian migmatite exposed in three dimensions. The straight trend and the sharp northern boundary may indicate
that this shear zone has localized along a preexisting brittle feature. (d) The map of eclogite localities shows the highest concentration of eclogite bodies in the
western core of the MCC. (e) Eclogitized mafic dyke in Precambrian migmatite. The dyke was boudinaged during migmatization, as boudin necks are filled with
leucosomes. The protolith relationship was preserved because eclogitization was static and left the migmatite unchanged. However, eclogitization liberated fluids
that were consumed by the host rock and led to garnet and white-mica growth in a narrow zone around the mafic body (green arrow). Note that minor shear
deformation localized later at the hydrated contact zone.

section A) that plunges shallowly toward the west. The MCC is bound to the NW by the shallowly dipping
NSDZ, which is overlain by the extensive Solund basin in the hanging wall. To the south, the MCC is bound
by the steep northern BASZ. In contrast to the NSDZ, the hanging wall of the BASZ is occupied by large
remnants of Caledonian allochthons of the Bergen Arcs and Devonian sediments are preserved only in an
isolated fault-bounded block of the Fensfjorden basin. Bathymetric lineaments seem to indicate that the
NSDZ and the BASZ merge offshore, just west of Figure 3, and form a well-defined western boundary of
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the MCC. In contrast, there is no clear eastern boundary of the MCC, but rather a gradual transition into
weaker deformed portions of the WGR (Figures 1a and 1b). This transition coincides with a rotation of struc-
tural trends from E-W in the MCC to NE-SW and the disappearance of eclogites toward the east. In E-W
direction, the gneissic fabrics within the MCC appear shallowly undulating and rotate from generally east-
erly dip in the east to westerly dip in the west (Figure 3, cross section C). In three dimensions, thus, the shape
of the Gulen MCC does not conform to a simple dome shape, but rather it must be described as a hyperbolic
surface with marked N-S as well as E-W asymmetry.

Our mapping shows that the Gulen MCC comprises two fundamentally distinct structural units: first, mylo-
nites that formed in relation to the extensional detachment system on the flanks of the MCC and, second, a
high-grade metamorphic core. Low-grade retrogression overprinted higher-grade fabrics in the detachment
mylonites. In contrast, the metamorphic core preserves amphibolite-facies fabrics, and low-grade retrogres-
sion is absent. The following sections will present detailed descriptions of how the crust was transforming
inside this MCC.

4.1. How to Distinguish Precambrian Protoliths from Caledonian Shear Zones?

One of our main objectives was to quantify the amount of reworking of the Baltic Shield basement during the
Caledonian orogeny. The distinctive feature of the Precambrian rocks is that they formed at high tempera-
tures and involve large amounts of melt. Therefore, they are consistently coarse grained, which makes them
easily discernible from rocks that experienced Caledonian solid-state shear deformation and associated grain
size reduction (Figure 4). The oldest rocks are a metasedimentary sequence that has been intruded by a large
gabbro and countless mafic dykes. The metasediments have been almost entirely migmatized, and only
quartzites are preserved as relicts within the migmatites. Large granite plutons intruded in the northern half
of the area. A distinct belt of coarse-grained gneissic rocks with granulite facies assemblages (Rohr et al.,
2004) runs along the boundary of the largest of these plutons.

We find features that indicate a considerable time gap of cooling between Sveconorwegian migmatization
and the initiation of solid-state shear deformation. In low-strain areas, shear deformation is commonly
localized along primary lithological heterogeneities like dyke margins (Figure 4a) and probably preexisting
brittle features (Figure 4c). With increasing strain, these shear zones grow in width and transform the
coarse-grained Precambrian protoliths into medium-grained banded gneisses, where primary lithological
relationships are obscured (Figure 4b).

4.2. Eclogites Record Processes in the Orogenic Root

Numerous eclogite localities (Figure 4d) demonstrate that the crust within the MCC represents parts of the
former orogenic root. They occur dominantly in the core of the culmination, and the concentration of eclo-
gite bodies and pods increases from E to W. The eclogites occur mostly as isolated lenses within felsic
gneisses, as it is typical all throughout the WGR. In contrast to other portions of the WGR, however, eclogi-
tization in the Gulen MCC appears to have been a static process. There are no eclogite-facies fabrics, but pre-
eclogite textural relationships are preserved. Figure 4e shows a mafic dyke that has been boudinaged during
Mesoproterozoic migmatization. Later, the mafic dyke has been entirely eclogitized, while the migmatite
remained unaltered. However, there are several centimeter-thick zones around the eclogitized dyke where
white mica and garnet overgrow the migmatite fabric. These observations suggest that the eclogitization
of hydrous mafic rocks liberated fluids that were consumed by the immediate host rock leading to over-
growth of eclogite-facies minerals. Phengite-quartz veins, found in many eclogites, appear to be related to
the same process. Almost all of the eclogites in the Gulen MCC were retrogressed to some extent. The rela-
tion between eclogite retrogression and deformation of felsic gneisses is explained in section 6 and discussed
in section 7.1.

5. Caledonian Shear Strain

The width of gneissic shear zones ranges from the centimeter scale to the kilometer scale. The distribution of
deformation at the mesoscale classified with the DISK scheme shows no systematic variations within the
MCC (Figure 5). Localized mesoscale shear zones are restricted to low-strain domains, and most shear zones
are tens of meters to kilometers wide. Therefore, variations in the distribution of shear zones become visible
only at the map scale.
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Figure 5. Results from DISK mapping: Each parameter is presented by symbols overlaying the geologic map and a histogram. Note that undeformed localities have
usually not been recorded with the DISK scheme and, hence, are underrepresented.

In the eastern part of the area, shear deformation localized in an anastomosing network of discrete shear
zones cutting through little deformed protoliths. Along the N-S cross section B (Figure 3), 45% of surface
exposures are shear zone rocks, but within the core (excluding the detachment mylonites), only 25% of
the protoliths have been significantly deformed. Toward the west, these isolated shear zones merge and form
a coherent mass of highly sheared gneisses containing only isolated blocks of undeformed protolith. Along
cross section A (Figure 3), >80% of the protoliths have been transformed into shear zone rocks, and this
value increases even further toward the west.

The mesoscale classification of strain intensity, shape of the strain ellipsoid, and kinematics shows systema-
tic variations that distinguish the detachment mylonites from the core (Figure 5). The detachment mylonites
are dominated by noncoaxial top-W fabrics with a dominant S > L shape and strong deformation intensity.
Strain intensity is generally increasing toward the top of the detachment. Large areas below the NSDZ mylo-
nites are occupied by granite plutons with weak to moderate strain and a dominant L > S fabric.

Further away from the detachments, in the core of the culmination, the deformation intensity increases
again and coaxial S > L fabrics dominate in strongly deformed domains. Strain intensity is mostly classified
as strong, while very strong deformation is only found where rheological contrasts create particular condi-
tions for strain localization (e.g., large eclogites contained in gneiss). Weakly deformed domains in the core
show a dominant L-shape of the coaxial background strain. In general, stronger shearing appears to be
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Figure 6. Lower hemisphere equal-area plots of structural data. Contours are plotted for poles to foliations. Four structural domains have been distinguished based
on variations in fabric orientation. The inlet shows upright folds in gneisses of the core domain, redrawn from field photos. Most folds are tight to isoclinal.
Multilayer buckling with small-scale parasitic folds occurs mostly in and around biotite-rich mafic layers.

associated with more planar fabrics, or in other words, the amount of E-W stretching correlates with N-S
shortening. Noncoaxial fabrics occur to some extent also in the core of the MCC. They reflect overall top-
to-W shearing by sinistral and dextral fabrics at the northward- and southward-dipping flanks of the
culmination, respectively.

5.1. Fabric Orientations and Folding

Across the entire MCC, we find subhorizontal to moderately plunging lineations, lineation-parallel fold
axes, and a corresponding girdle of foliations (Figure 6). For structural analysis, we distinguished four
domains with distinct fabric orientations. Mylonites belonging to the NDSZ show WNW-plunging lineations
and subhorizontal foliations. Mylonitic foliations are folded around NE-SW as well as NW-SE trending tight
recumbent folds, consistent with vertical shortening. The mylonites of the BASZ show consistently WNW-
plunging lineations and steeply SSW-dipping foliations. The mylonitic foliation is folded around isoclinal
folds with SW-dipping axial planes that are parallel to the foliation. Lineations and fold axes in the core fol-
low an E-W trend and plunge shallowly toward the east and the west. Foliations are mostly steep to subver-
tical and folded around E-W trending tight to isoclinal upright folds (Figure 6). These folds are observed from
the outcrop scale to the map scale (compare Figure 3) and involve passive folding as well as active multilayer
buckling. Fold tightness appears to be correlated to strain intensity, and fold amplitude seems to relate to
shear zone width. However, it should be noted that even in an almost continuously exposed area like the
one studied, the exact amplitude of such steep folds is practically impossible to constrain. Our cross section
reconstruction implies amplitudes up to several kilometers in the most strongly deformed domain in the
west of the MCC. It is also impossible to quantify the amount of E-W extension and N-S shortening in these
kinds of rocks, but conservative estimates imply at least 70% of N-S shortening by upright folding in indivi-
dual outcrops of strongly deformed gneisses.Toward the east, fabrics rotate into an orogen-parallel trend:
lineations plunge mostly toward the NE and foliations dip mostly steeply toward the SE. Besides this change
in orientation, the NE-SW-oriented shear zones show the same characteristics as the shear zones in the
core domain.
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Figure 7. Two endmembers of shear zones developed in the detachment zone (a—c) and the core (d-f). (a) Schematic sketch of subhorizontal detachment shear
zone with underlying constrictional domain. (b) Outcrop photo of typical rock in the detachment mylonites. This granitic mylonite contains large feldspar

o- and 8-porphyroclasts within a fine-grained phyllonitic matrix that indicate top-to-W noncoaxial deformation (see inlet). Contrasting rheological behavior of
feldspar and the quartz-rich matrix, respectively, indicate lower greenschist facies deformation. The cliffs in the background on the other side of the Sognefjord are
part of the Solund Devonian basin. (c) Photomicrograph (cross-polarized light) of quartzite from the detachment mylonites with a composite microstructure. Large
grains showing grain boundary migration microstructures and indicate high-temperature low-stress recrystallization (Regime 3, Platt et al., 2015). The coarse-
grained fabric is overprinted by fine-grained low-temperature, high-stress (Regimes 1-2) micro shear zones with bulging and subgrain rotation recrystallization.
Both fabrics show asymmetry related to top-to-W shearing. (d) Schematic sketch of vertical and coaxial core shear zone, involving simultaneous N-S shortening
and E-W extension. (e) Outcrop photo of a typical core shear zone. The mylonitic foliation is subvertical, fabrics are coaxial, and alternating feldspar- and
quartz-rich layers show identical rheological behavior, indicative of high-temperature deformation. (f) Photomicrograph (cross-polarized light) of quartzite from a
core shear zone with a simple microstructure of coarse-grained quartz. Grain boundary migration microstructures are observed, but most grains are strain-free and
abundant 120° triple junctions indicate high-temperature recovery. The absence of a clear shape or crystallographic preferred orientation in quartz and parallel
mica grains indicates coaxial deformation.

5.2. Shear Zone Endmembers: Detachment vs. Core Shear Zones

Systematic variations in fabric orientation, ductile strain characteristics, as well as distinct metamorphic
evolutions suggest that the detachment mylonites of the NSDZ and the shear zones in the core represent
endmembers of shear zones that formed at different structural levels of the MCC (Figure 7). The BASZ seems
to be an intermediate case.

5.2.1. Endmember 1: Detachment Mylonites of the NSDZ

In the detachment mylonites, which belong to the NSDZ, foliations are shallowly dipping to subhorizontal,
and folds have subhorizontal axial planes (Figure 7a). Most fabrics are noncoaxial and consistently show top-
to-W transport (Figure 7b). Another striking characteristic of the detachment mylonites is their record of
progressive retrograde deformation from high-grade to low-grade conditions. Amphibolite-facies fabrics
are partly preserved as relicts and comprise coarse grain boundary migration fabrics in quartz-rich litholo-
gies, which indicate high temperatures and low flow stresses (Regime 3 microstructures, Platt et al., 2015).
Yet, most samples show complex microstructures with greenschist-facies fabrics overprinting higher-grade

WIEST ET AL. 4276



Tectonics 10.1029/2019TC005708

fabrics (Figure 7c). Subgrain rotation and bulging recrystallization of quartz to very fine grain sizes indicate
high flow stress and low-temperature deformation conditions (Regime 1-2 microstructures). Progressive ret-
rograde deformation appears to lead to increasing strain localization that is strongly related to fluid-rock
interaction. There are large tracts of phyllonitic shear zones, both in mafic and felsic lithologies, and chlor-
itization, saussuritization, and epidotization are abundant. Embrittlement of feldspar-rich layers is recorded
by greenschist-facies quartz veins. Layers of amorphous greenish cataclasites, with thicknesses up to several
meters, are parallel to the shallow-dipping foliation and indicate a progressive fault rock evolution from duc-
tile to brittle conditions.

5.2.2. Endmember 2: Core Shear Zones

Shear zones in the core of the MCC have distinct structures and record a different metamorphic evolution.
Foliations are steep to vertical and folded into tight to isoclinal upright folds. Subhorizontal lineations and
mostly coaxial fabrics indicate overall pure shear deformation with simultaneous E-W stretching and N-S
shortening (Figure 7d). Core shear zones preserve amphibolite-facies fabrics without further retrogression.
In quartz-rich lithologies, these commonly involve grain boundary migration recrystallization of quartz at
high temperatures and low flow stresses resulting in large grain sizes (Regime 3 microstructures, Figure 7
f). Feldspar layers in the gneisses are behaving entirely viscously and show identical rheological behavior
as quartz-dominated layers (Figure 7e). Even though the core shear zones do not show evidence for low-
grade fluid-related retrogression, there is clear evidence that they represented important fluid conduits at
amphibolite-facies conditions. Fractures occur at sites of rheological heterogeneity, commonly related to
extension-parallel folding, and are mineralized as quartz-feldspar veins. The importance of fluids during
amphibolite-facies deformation is furthermore recorded by the relationship between shearing and eclogite
retrogression, which is presented in section 6.

5.2.3. The Intermediate Case: The BASZ

The detachment mylonites of the BASZ show noncoaxial deformation and a similar metamorphic fabric evo-
lution to the ones from the NSDZ, with low-grade retrogression overprinting higher-grade fabrics. Yet, there
are some important differences between these two segments of the detachment system.

The northern BASZ represents an oblique dextral strike-slip segment of the detachment system (Wennberg
et al., 1998) and along the southern boundary of the Gulen MCC, the shear zone dips consistently with ca.
60° toward SSW. Large domains of weakly deformed rocks, as found below the NSDZ, are absent in the foot-
wall of the BASZ. In contrast, the BASZ mylonites show a gradual transition into core shear zones, and their
fabric orientation is more similar to those observed in the core than those in the NSDZ. Folds in the BASZ
indicate N-S shortening and do not show vertical shortening like the NSDZ mylonites. No remnants of the
Caledonian nappe pile are exposed in between the Fensfjorden basin and the BASZ mylonites, and the
Devonian sediments appear directly juxtaposed to the eclogite bearing crust. These observations suggest that
the amount of excision and incision was larger along the southern bounding fault of the Gulen MCC than
along its northern boundary. Incision of the strike-slip segment of the detachment has allowed parts of
the high-grade core to become overprinted by retrograde strike-slip shearing along the BASZ. Yet, the same
may account for the westernmost part of the NSDZ mylonites that contain retrogressed eclogites (Figure 4d).

6. Amphibolite-Facies Reworking of the Exhuming Crust

Pristine eclogites are preserved only in undeformed protolith domains (e.g., Figure 4e). Most eclogites were
variably retrogressed at amphibolite-facies conditions. Larger eclogites within shear zones show progressive
retrogression from the rim, with amphibolitized margins and eclogite in the core. The state of retrogression
appears to be related to the position of the eclogites with respect to shear zones, the availability of fluids, and
the size of the eclogite body. A particularly well-exposed locality on Kversoyna at the western apex of the
MCC (see Figure 3 for location) shows that eclogite retrogression was fluid induced and simultaneous with
shearing and folding of felsic gneisses.

6.1. Structure of the Kverseyna Locality

The 200-m-long and 100 m-wide coastal section (Figure 8) exposes strongly pervasively sheared gneisses and
eclogite bodies of variable size, ranging from few meters to >100 m. The gneisses are folded around E-W
trending fold axes into tight to isoclinal upright folds with undulating hinge lines. The eclogite bodies are
boudinaged, indicating E-W stretching, and occupy synformal positions within the folded gneisses. A
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Figure 8. Overview of the Kversoyna locality (location marked on Figure 2). (a) Map and N-S cross section of the locality. Note the influence of dense and rigid
eclogite lenses on the gneiss fabric and how fold tightness increases in high-strain zones. The strong fabric anisotropy in the larger shear zone has been
exploited by a brittle fault, which is also marked in the coastline. (b) Outcrop photo of eclogite boudin in strongly folded gneiss. Location is marked in (a). (c)
Schematic sketch illustrating the observed relationship between folding of gneiss and eclogite retrogression. The lower area equal-area plot shows structural data of
the gneisses together with the mean orientation of amphibolite-facies fractures and mineralized veins in eclogite lenses.

weakly pronounced structural asymmetry could indicate a minor component of dextral simple shear, but the
gneissic fabrics are symmetric and imply dominant coaxial deformation with synchronous E-W stretching
and N-S shortening, like in the rest of the core domain. High-strain zones formed at the borders of the
largest eclogite body and show a marked increase of fold tightness compared to the surrounding gneisses.
The folded gneisses wrap around the eclogite lenses (Figures 8b and 8c). The folds in the gneisses are
generally harmonic; however, in proximity to the eclogites, they get increasingly disharmonic (Figure 8c).
The synformal positions of the eclogites within the gneisses, their boudinage, and their influence on
folding as well as shear zone localization indicate that the eclogites formed rigid and dense anomalies that
were perturbing the else homogeneous flow of the felsic gneisses.

6.2. Fluid-Induced Eclogite Retrogression and Rheological Weakening

Even though the eclogite lenses appear as homogeneous rigid blocks at first sight, a closer look reveals that
their rheological behavior has been highly variable depending on their state of retrogression. The typical pat-
tern of eclogite retrogression is a reaction front that moved from the rim of the body toward the core
(Figure 8c). Retrogressed amphibolite margins have been sheared progressively together with the surround-
ing gneisses and indicate that rheological weakening accompanied retrogression.
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The rheological contrast within the partially retrogressed mafic bodies leads to fracturing and boudinage of
the eclogite domains (Figure 8c). Two conjugated sets of subvertical fractures strike roughly parallel and per-
pendicular to the maximum stretching direction, respectively. The extension-parallel set of fractures is
mineralized with amphibole, plagioclase, and quartz (marked as veins in Figure 8c). In a large (> 20 m) eclo-
gite, these veins are surrounded by decimeter-wide fluid alteration haloes. Within these fluid alteration
zones, the eclogite has been retrogressed to undeformed amphibolite (Figure 9a). These mineralized fractures
apparently represent corridors where fluids could enter the core of the eclogite and trigger retrogression,
while dry domains of pristine eclogite, only centimeters apart, survived metastably until final exhumation.

On the microscale, retrogression is most advanced within fractures, where fluids have entered the rock
(Figures 9b and 9c). From these fractures, the retrogression front spreads through the rock along microfrac-
tures and grain boundaries (Figure 9d). Microfractures and grain boundaries in omphacite show successive
generations of symplectites with coarser symplectites in the core and finer symplectites at the rim. In some
cases, symplectites are cut by fractures themselves and then replaced by amphibole (Figure 9c).

Like the retrogression at the rim of the eclogite bodies, retrogression in the core of the mafic lenses gives evi-
dence for significant rheological weakening. The widest retrogression zone, measuring roughly 1 m in thick-
ness, has been entirely transformed into an amphibolite-facies shear zone that cuts through the center of a
large eclogite body (Figure 9a). Within this shear zone, not a single relict of the eclogite assemblage is pre-
served. The shear zone is cut itself by a mineralized fracture, giving evidence for brittle-ductile deformation
cycles at amphibolite-facies conditions, probably caused by large rheological heterogeneity within the mafic
body. This behavior is furthermore recorded by pseudotachylite formation in partially retrogressed and
sheared domains of the eclogite.

Our observations show that the eclogite-bearing crust from the orogenic root was largely reworked at
amphibolite-facies conditions. Shear zones appear to have served as conduits for amphibolite-facies fluids
that entered undeformed domains through fractures. The availability of fluids clearly controlled the retro-
gression of eclogites and thereby rheological weakening that enabled viscous flow. These observations
strongly resemble the processes observed in the famous Bergen Arcs eclogites (e.g., Austrheim et al.,
1997), however, with the difference that they apply to retrogression and not during eclogitization.

7. Discussion: Crustal Flow Within the Gulen MCC
7.1. Eclogites as Time Markers of Postorogenic Viscous Flow

Eclogites within the Gulen MCC are robust time markers for processes that took place in the orogenic root as
well as those associated with exhumation. Static eclogitization and the absence of eclogite-facies deforma-
tion fabrics indicate that the crust in the southernmost part of the Caledonian eclogite province was still rela-
tively cold and rigid and did not deform pervasively during peak metamorphism. This is quite different from
other parts of the WGR where eclogite-facies fabrics are well developed, probably because the crust was bur-
ied deeper and higher metamorphic grades were reached (e.g., Andersen et al, 1994; Braathen &
Erambert, 2014).

In the Gulen MCC, extensive ductile deformation localized into shear zones and in broad zones of pervasive
viscous flow. We find a consistent relationship pattern of eclogites being retrogressed in shear zones, while
eclogites in undeformed domains remain mostly preserved. This indicates that the shear zones formed dur-
ing the transtensional collapse of the overthickened crust (Mode II extension by Fossen, 1992) and after
exhumation from eclogite facies conditions, possibly through eduction (Mode I extension). Obviously, we
cannot exclude the possibility that some of the shear deformation may have occurred at an earlier stage.
However, fabrics show a consistent orientation from the top of the detachment to the lowermost exposed
parts of the metamorphic core. The rotation of fabrics from E-W into a more orogen-parallel trend toward
the East represents an exception from the rule. Yet, shear zones in this domain show a metamorphic evolu-
tion similar to that in the rest of the core, the same relation between linear and planar fabrics and, most
importantly, they also contain retrogressed eclogites. Hence, the NE-SW trending shear zones are likely to
be postorogenic as well, and their orientation might relate to local orogen-parallel flow during unloading
of the orogen (Duclaux et al., 2007). Our interpretation of postorogenic viscous flow in the Gulen MCC is
supported by available thermochronological data (Boundy et al., 1996; Chauvet & Dallmeyer, 1992; Walsh
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Figure 9. Fluid-induced eclogite retrogression from mesoscale to microscale. (a) Outcrop photo of fluid-induced retrogression in large eclogite body. Location is
indicated in Figure 8a. Around mineralized veins, eclogite (red-green) was retrogressed statically to amphibolite (dark green to black). The largest retrogression
zone in the center of the photo developed into an amphibolite-facies shear zone, which is cut again by a mineralized brittle fracture. Hammer for scale. (b) Thin
section photomosaic (cross-polarized light) of partially retrogressed eclogite. Retrogression domains are easily recognized by the dark color of nontransparent
symplectites and green amphiboles in contrast to the light-colored eclogite facies minerals. Retrogression is most advanced along a conjugate set of fractures (red
arrows). Note how the retrogression front follows grain boundaries. (c) Close-up of the intersection of the mineralized fractures (red arrows). The larger fracture
displays an amphibolite-facies mineralogy. Omphacite is surrounded by a rim of fine grained symplectites, which become coarser further away from the grain
boundary and show progressive symplectite growth. Note how symplectites are transformed into amphibole, where they are cut by the small fracture. This rela-
tionship clearly demonstrates that even on the microscale, retrogression is a function of fluid availability. (d) Scanning electron microscope image of the least
retrogressed eclogite domain. Retrogression advances along fractures and grain boundaries and leads to growth of submicrometer size symplectites.
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et al., 2013) and interpretations of previous works in the surrounding areas (Andersen et al., 1994; Hacker
et al., 2003; Milnes et al., 1997).

7.2. Viscous Flow at Distinct Structural Levels: Kinematically Linked, Mechanically Decoupled

Our results from the Gulen MCC fit very well within the general framework of postorogenic exhumation of
the WGR by shearing along the NSDZ during sinistral transtension (e.g., Krabbendam & Dewey, 1998). Yet,
our results are not fully explained neither by simple shear detachment models (e.g., Hacker et al., 2003;
Souche et al., 2013), nor by homogeneous constriction as predicted from transtension (e.g., Dewey, 2002;
Fossen et al., 2013; Krabbendam & Dewey, 1998), nor by simple vertical thinning of the overthickened crust
(e.g., Andersen et al., 1994). All of these elements need to be integrated in a dynamic model of detachment
and footwall evolution, to explain the distinct deformation that we observe at various levels of the
extending crust.

At the presently exposed level, crustal flow within the Gulen MCC is entirely solid state. The crust appears to
represent a coherently stretched block with significant strain variations in three dimensions (Figure 10). We
find distinct structural levels that appear kinematically linked while mechanically decoupled. They formed
within the same kinematic boundary conditions of sinistral transtension but represent different meta-
morphic conditions and hence different rheologies. On top, the detachment level shows simple shear with
vertical thinning and the characteristic overprint of greenschist facies and semibrittle fabrics on higher-
grade fabrics. In contrast, the lowest level shows pervasive coaxial amphibolite-facies viscous flow of the
crust reaching extreme amounts of simultaneous E-W stretching and N-S shortening. A key finding of this
study is that the coaxial high-grade fabrics in the core experienced no further low-grade overprint. As such,
it must represent a structural level that is distinct from the noncoaxial detachment zone with its consistent
retrograde overprinting relationships. In between these two levels, we find minor remnants of an intermedi-
ate domain of localized amphibolite-facies deformation, which involves constriction and minor vertical thin-
ning. These distinct amphibolite-facies domains resemble the localized-distributed transition within the
viscous crust postulated by Cooper et al. (2017). Today, we find all these different structural levels along
the same exposure level as observed along cross section A (Figure 3). Their systematic variations in meta-
morphic conditions and strain characteristics imply, however, that they formed at different vertical levels
of the crust and were later juxtaposed during core-complex exhumation.

7.3. Inward Flow Through Differential Folding (“Stockwerk Folding”)

The N-S cross sections through the WGR and the Gulen MCC show intensive extension-parallel folding
(compare Figure 1B and Figure 3) in contrast to shallowly undulating, parallel fabrics seen in E-W sections.
According to our mapping in the Gulen MCC and the interpretation of large-scale fold patterns along the
west coast of the WGR (Figure 1B), different crustal levels experienced apparently different amounts of N-
S shortening. The detachment zone and the overlying basins show mostly open folds, although thrusts and
reverse faults within the basins record locally larger amounts of syn-sedimentary N-S shortening
(Osmundsen et al., 2019). The WGR footwall, however, is pervasively folded into tight to isoclinal upright
folds from the scale of meters to tens of kilometers. Thus, the amount of N-S shortening in the footwall of
the NSDZ appears to be significantly larger than in the overlying nappes and the detachment zone itself
(Braathen & Erambert, 2014). These extension-parallel folds have been related to a distinct tectonic phase
of regional N-S compression (e.g., Chauvet & Seranne, 1994), but they are also adequately explained as a
result of transtension (Dewey, 2002; Fossen et al., 2013; Krabbendam & Dewey, 1998). However, our obser-
vations are not in agreement with a simple model of progressive transtensional folding during exhumation.
The tight upright folds formed due to strong extension-perpendicular shortening during internal necking
within the amphibolite-facies crust, while the upper crustal levels experienced only weak extension-
perpendicular shortening. This differential folding might just represent the actual mechanism of
extension-perpendicular crustal flow that is predicted from 3-D numerical models of transtensional core-
complex formation (Le Pourhiet et al., 2012). We interpret the high-grade extension-parallel folds as the
structural expression of isostasy-driven Poiseuille-type flow in the deep crust that moved low-viscosity
solid-state material from the north and south into the dome and hence as a less drastic case of the mechanism
postulated for migmatite-cored MCCs (e.g., Kruckenberg et al., 2011; Rey et al., 2017; Roger et al., 2015). As
an interesting side note, this kind of differential folding was already described by Wegmann (1935) and Haller
(1956) in the Greenland Caledonides. Distinct deformation regimes in relation to different metamorphic
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Figure 10. The internal structure of the Gulen MCC reveals a coherently stretched crustal section; however, distinct structural levels show very different deforma-
tion fabrics, kinematics, and fluids. Differences between these structural levels appear to relate to vertical metamorphic variations and horizontal strain gradients in
N-S as well as E-W direction. Yet, they are all interpreted to have formed within the same kinematic boundary condition of sinistral transtension, which is
represented by the divergence vector (Fossen et al., 2013). Below the brittle crust, the detachment mylonites show retrograde deformation from amphibolite-facies
to semibrittle conditions, involving noncoaxial shearing and vertical shortening. The amphibolite-facies core consists of a domain of localized deformation, which
is necked by pervasively sheared gneisses. The localized domain shows weak noncoaxial shearing and minor vertical shortening. In contrast, the distributed
domain is characterized by coaxial shearing and N-S shortening.

conditions in vertical levels of the crust were the essence of the “stockwerk folding hypothesis.” However, as
pointed out by Wernicke (2009), these authors worked within a “fixist” paradigm that did not permit major
horizontal movements. Therefore, it took many years until researchers realized that this “stockwerk folding”
occurred in the footwall of massive extensional detachment shear zones (Hodges, 2016; White et al., 2002).

7.4. When Distant Relatives Become Close Neighbors: A Dynamic Model for Transtensional
MCC Formation

During MCC exhumation, large parts of the original crust can be removed through the combination of inci-
sion, excision, and erosion. In the final structure of the Gulen MCC, syntectonic sedimentary rocks are
directly juxtaposed with deep crustal levels, as demonstrated by the juxtaposition of the Fensfjorden
Devonian basin with the eclogite-bearing crust across the BASZ. During the progressive evolution, material
within the MCC is moving through different metamorphic conditions and deformation regimes, for
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Figure 11. Sequential model for transtensional MCC formation in the footwall of the NSDZ. The evolution is illustrated in
three stages with perpendicular cross sections that intersect each other in the center. The present erosion level is indicated
in Stage 3. BSB = Baltic Shield basement (see text for discussion).

example, ductile rocks become brittle. In addition, the thermal conditions of the system are transient. Heat
advection will change the geothermal gradient during MCC evolution (Whitney et al., 2013) and hence the
spatial distribution of deformation regimes.

We incorporated these basic principles of MCC formation with existing models of postorogenic collapse of
the Scandinavian Caledonides. Thereby we try to explain our field observations in accordance with the avail-
able information from other culminations of the WGR, the NSDZ, and recent work in the Devonian basins
(Osmundsen & Péron-Pinvidic, 2018; Osmundsen et al., 2019). Our model is presented in Figure 11 as a
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series of N-S and E-W cross sections to illustrate the 3-D kinematics. The time evolution is portrayed in three
stages, which do not represent distinct phases but are an inevitable simplification made to illustrate the
incremental evolution. The model that we come up with, of course, is highly simplified. We do not consider
any internal structural geometries, rheological heterogeneities, or topographic variations that were possibly
there at the end of Mode I extension. Our cross sections show neither E-W extension of the entire crust nor
the associated extension-orthogonal shortening of the crustal section. Furthermore, we do not show the
interference of different MCCs and the rotation of the divergence vector during progressive transtension.

Our model starts with a strongly thickened, horizontally layered crust. We show three rheological layers
(Figure 11): brittle upper crust and the ductile crust separated between greenschist facies and amphibolite
facies or higher grades. The crust consists of a thick pile of nappes overlaying the eclogite-bearing Baltic
Shield basement (BSB). The unit boundaries serve only as passive markers for the structural evolution but
do not represent rheological boundaries, except for the distinction between localized and pervasive deforma-
tion domains within the BSB. For reasons of simplicity, we overlap the greenschist-/amphibolite-facies
boundary with the nappe-basement contact, but we note that extensional shearing in the lower nappes
started at amphibolite-facies conditions (Johnston, Hacker, & Ducea, 2007b and references therein).

7.4.1. Stage 1: MCC Initiation

Initial extension formed steep, laterally limited normal faults that grade into mid-crustal shear zones at
depth. Initial necking occurred at rheological transitions and involved extension-perpendicular folding
within the amphibolite layer. It should be noted that both the depocenter of the initial basin and the future
MCC formed in the center of the fault, because this is the zone of maximum stretching (e.g., Kapp et al.,
2008; Osmundsen & Péron-Pinvidic, 2018; Osmundsen et al., 2019).

7.4.2. Stage 2: MCC Formation

During the main phase of MCC formation, the MCC started to rise in the zone of maximum stretching, and
the basins were displaced to the flanks of the MCC as argued by Osmundsen et al. (2019). The synchronous
formation of several MCCs along-strike (not shown in Figure 11) made the basins occupy synforms in
between the rising antiforms. Different processes occurred at the different levels, which are still far apart
from each other. The brittle crust, comprising the upper part of the nappe pile, was exposed, eroded, and
deposited in the basins. Steep faults incised at the flanks of the MCC and form steep topography, which pro-
moted catastrophic mass movements through large landslides as observed in the Solund and Kvamshesten
basins (Hartz et al., 2002; Osmundsen et al., 1998). This shows that erosion can contribute significantly to
upper crustal thinning during MCC exhumation.Greenschist facies top-to-W shearing within the detach-
ment zone itself occurred mostly in the nappes, but as the upper crust was thinning progressively, also the
BSB got involved. At the same time, at a deeper level, the amphibolite-facies crust was necking internally.
Lateral inward flow occurred through extension-orthogonal shortening of the pervasively deforming low-
viscosity crust. This process formed the high-grade core with steep strike-slip shear zones at its flanks.
Differential exhumation at amphibolite-facies conditions is a consequence of this process. Rocks originating
from different depths may be juxtaposed in relation to their position along major fold structures (compare
position of eclogite bodies between stages 1 and 2). The high-grade core was exhumed progressively to
greenschist facies conditions, but greenschist facies deformation was restricted to the top and the flanks of
the culmination. Apparently, retrograde deformation stalled suddenly within the core, high-grade fabrics
became “frozen-in,” and active flow moved to weaker layers.

A possible explanation for this may be that the internal necking of the ductile layer and the associated
exhumation of the high-grade core represent a form of vertical heat advection. The rising core apparently
contributed heat and fluids to the detachment system, which lead to weakening and increasing strain
localization in the detachment layer. Furthermore, greenschist facies phyllonites, which formed pre-
viously through fluid-related retrogression within the detachment mylonites, are brought into the realm
of brittle faulting. Such fault rocks with particularly low shear strength (Braathen et al., 2004), the abun-
dance of fluids, and progressive heating within the detachment zone through head advection and possi-
bly shear heating (Souche et al., 2013) imply that the brittle layer became weakened at this stage,
promoting brittle faulting at progressively lower angles. At the same time, the rising core itself was cool-
ing down, and therefore the active amphibolite-facies flow moved to a deeper and hotter level where the
viscosity was lower. Furthermore, the possible occurrence of partial melting at a deeper, unexposed level
of the MCC must be noted.
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7.4.3. Stage 3: MCC Exhumation

The “frozen-in” high-grade core was exhumed progressively through localized deformation in the weakened
detachment system. Brittle faulting occurred at progressively lower dips. At this stage, the deep crust had
reached the surface and became eroded itself, as demonstrated by detrital Ar-Ar cooling ages from
Hornelen basin (Templeton, 2015). The basins have reached a massive size at this stage, but only minor rem-
nants are preserved at the present erosion level, which expose the oldest strata. Reconstructions imply a
maximum basin depth between 9 and 13.5 km with a geothermal gradient of 38°C/km (Souche et al.,
2012; Souche et al., 2013; Svensen et al., 2001). This implies that in parts of the system, the brittle crust
had been entirely replaced by supradetachment basins. Devonian sediments were directly juxtaposed to
detachment mylonites, and in the case of the Solund Basin, the lowest strata of the basin were even myloni-
tized themselves (Seranne & Seguret, 1987). At this stage, most of the nappe pile and even parts of the base-
ment have been removed by ductile thinning, excision, and incision. The detachment system can be
envisaged as a selective rock grinder: Weak rocks were smeared out ductilely in the detachment shear zone,
while strong lithologies were removed through brittle faulting, footwall uplift, and erosion. In the synforms
of the detachment zone, we find mostly weak rheologies like mica schists and phyllonites preserved. At the
flank of the MCC, steep strike-slip faults incised the core and exploited previously formed ductile fabrics. In
the case of the BASZ, the basin was directly juxtaposed to the deep crust. Further isostatic compensation may
have occurred through folding at deeper amphibolite-facies levels.

At the end of this evolution, our reconstruction implies a crustal thickness of around 40 km (10 km thick
basin fill + 30 km present crustal thickness). Final juxtaposition of the different units occurred through brit-
tle fault reactivation during North Sea rifting (e.g., Eide et al., 1997; Torsvik et al., 1992).

8. Conclusions and Implications for Postorogenic Exhumation of (Ultra-)High-
Pressure Rocks

Our study shows that vertical metamorphic variations and lateral strain gradients during postorogenic trans-
tension may cause a highly variable behavior of the crust, leading to differential exhumation and the forma-
tion of MCCs. We think that our field-based model (Figure 11) encapsulates important general aspects of
MCC formation in 3-D strain settings and can contribute to understand MCCs where the deep levels of
the crust are not exposed. Large magnitudes of extension can amplify differential extension-orthogonal
shortening of distinct crustal levels. This process results in characteristic fold structures, which resemble
the historic “stockwerk folding hypothesis” (Wernicke, 2009) and might easily be mistaken for contractional
structures formed during convergence. In the case of the WGR, however, they clearly formed during postoro-
genic transtension. Thus, like in the case of migmatite-cored MCCs (Rey et al., 2017), extension-orthogonal
contraction within the deep crust is the main mechanism of isostasy-driven crustal flow also in solid-
state MCCs.

This crustal flow mechanism has the potential to redistribute material within the extending crust
(Figure 11). Hence, it might be highly important for the exhumation of (ultra-) high-pressure rocks in
postorogenic settings. A comprehensive look at the WGR demonstrates that this might have been the
case in the Caledonides. The Gulen MCC is the southernmost of a series of evenly spaced MCCs
(Figures 1A and 1B); however, also the ultrahigh-pressure domains north of the Hornelen Basin have
similar orientations, spacing, and wavelengths. If the pressure estimates from these rocks reflect burial
depth, the occurrence of such discrete domains (e.g., Root et al., 2005) implies that the rocks inside these
domains have been exhumed from greater depth than the rocks in the surrounding areas. We suggest
that our model of crustal flow could offer a plausible explanation for this differential exhumation pattern.
This would imply that the processes across the WGR have been self-similar over large areas of the giant
high-pressure terrane.

Even if we zoom out to the scale of the entire orogen, we can find notable self-similarities. Already Ramberg
(1981) pointed out the existence of two distinct belts of basement domes that run parallel along the entire
length of the Scandinavian Caledonides. Osmundsen et al. (2005) showed that these domes can be seen as
different types of MCCs. The belt in the foreland consists of cylindrical domes with long axes perpendicular
to the extension direction, which comprise low-grade metamorphic rocks and record low amounts of exhu-
mation. In contrast, the domes in the hinterland of the orogen are noncylindrical with long axes parallel to
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the extension direction and expose high-grade metamorphic rocks, which were exhumed from great depth.
The different shapes of these domes resemble exactly the a-type versus b-type classification that has been
suggested for Aegean domes (Jolivet et al., 2004). Le Pourhiet et al. (2012) attributed the coeval formation
of both dome types in the Cyclades to distinct kinematic boundary conditions related to a slab tear during
rollback of the Aegean slab. In the case of the Scandinavian Caledonides, however, the different dome-types
appear systematically with respect to their position toward the foreland or the hinterland of the orogen.
Furthermore, as they occur along the entire length of the orogen, the domes in the Scandinavian
Caledonides are likely to have formed within the same kinematic boundary conditions. Thus, the different
dome types apparently relate to variations in metamorphic conditions at the onset of extension, as well as
different amounts of crustal stretching and associated exhumation. At least in the case of the
Scandinavian domes, noncylindricality appears to be a function of crustal stretching, but we speculate that
this relationship might also apply universally. During the formation of large normal-fault systems, there will
always be along-strike variations, which can trigger differential crustal flow in the deep crust. This creates a
feedback loop that can be amplified during progressive crustal stretching. Hence, an alternative explanation
for the coeval formation of a- and b-type domes might be that noncylindrical MCCs will be exhumed from
the deep crust if a critical amount of extension is reached (Stage 2 in Figure 13). A way to test this hypothesis
could be to analyze systematic variations in metamorphic grade and exhumation recorded in a- and b-type
domes around the world, respectively.
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